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Claims and Aims

LHC data is there!!!!

There has been a number of key theoretical results recently
in the quest of achieving the best possible predictions and
description of events at the LHC.

Pertubative"QCD applications to LHC physics in conjuction
with Monte Carlo developments are VERY active lines of
theoretical research in particle phenomenology.

In fact, new dimensions have been added to
Theory <& Experiment interactions
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Claims and Aims
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My aim is not to swamp you with technical details on how,

but to give you an idea of what can be done today and why.
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Claims and Aims

® perspective: the big picture

® physics issues: QCD from high- to low-Q?, Parton showers,
Angular ordering, jet algos

® recent progress: NLO computations, merging Monte Carlo
with FO.

® key applications at the LHC: Drell-Yan, Top, Higgs, Jets,
BSM,...
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Claims and (your) Aims

4

Think Ask Work

A mathematica notebook on a simple NLO calculation and other
exercises on LHC phenomenology available on the MadGraph

Wiki. #

Frascati, Bruno Touschek Spring School 2010 Fabio Maltoni



Minimal references and write-ups

Ellis, Stirling,Vebber: The pink book ..

Subtitle:

&

*Very useful recent talks/lectures by (just google the names):

Gavin Salaml Stefano Fri:u:i»:::mvre:I Michelanielo Manﬁnu.
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Discoveries at hadron colliders
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Background shapes needed.
Flexible MC for both signal
and backgroud tuned and
validated with data.
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very hard

Background normalization and
shapes known very well
Interplay with the best

theoretical predictions (via
MC) and data.
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A new challenge

Consider SUSY-like inclusive searches: heavy colored states decaying through a chain into jets,
leptons and missing Er...
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A new challenge

Consider SUSY-like inclusive searches: heavy colored states decaying through a chain into jets,
leptons and missing ET...VWe have already a very good example of a similar discovery!

o

f
g q t :
] f

g q t
b f’

Follow the same approach of CDF in 1995 to establish first evidence of an excess wrt to SM-top
and then consistency with SM top production [mt=174, t—blv, 0(tt)] , works for the SM Higgs, but
in general beware that...
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A new challenge

Consider SUSY-like inclusive searches: heavy colored states decaying through a chain into jets,
leptons and missing ET...VWe have already a very good example of a similar discovery!
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Follow the same approach of CDF in 1995 to establish first evidence of an excess wrt to SM-top
and then consistency with SM top production [mt=174, t—blv, 0(tt)] , works for the SM Higgs, but

in general beware that.. we don’t know what to expect!
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Example: SUSY vs UED

Information on the mass of the intermediate states can be obtained through the study
of kinemetical edges. The shape of the edges can give information on the spin of the intermediate
states. Compare for instance SUSY and UED:

Beware that most of the MC’s
make some of or all the
following simplifications:

|. production and decay are
factorized.
2. Spin is ignored.
3.Chains proceed only through
T R e e | =2 decays.
[Smillie and VWebber, 2005] ST : 4 The narrow width

15 | NG approximation is employed.
5. Non-resonant diagrams are
ignored.

dP /dfhjuser

Flexible and powerful ME

tools are needed to check
and in case go beyond the
above approximations!
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Example: early discovery SuperSymmetry at the LHC

7 LHC Point 2
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! | | -
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Background: t tbartjets,(Z,VW)tjets, jets. Very difficult to estimate theoretically: many parton
calculation (2 — 8 gluons = |0 millions Feynman diagrams diagrams!!). Now MC’s for this are

available...
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Example: early discovery SuperSymmetry at the LHC
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Background: t tbartjets,(Z,VW)+jets, jets. Very difficult to estimate theoretically: many parton

calculation (2 — 8 gluons = 10 millions Feynman diagrams diagrams!!). Now MC’s for this are
available...
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Example: early discovery SuperSymmetry at the LHC

—

do /dH._ (pb/bin)

107

10

IIIII.l|

MadGraFlh'FPythia -EHDEM|W:,

- SUSY signal [unmaiched]

-] SUSY signal (meschead)
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“New MC
for Signal & BKG”
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H,=P(j2)+P_ ﬂa}-n-P (j4)+MET (GeV)

Background: t tbartjets,(Z,VW)+jets, jets. Very difficult to estimate theoretically: many parton
calculation (2 — 8 gluons = 10 millions Feynman diagrams diagrams!!). Now MC’s for this are

available...
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The path towards discoveries
LHC physics = QCD + €

/\ |. Rediscover the known SM at the
LHC (top’s,W’s, Zs) + jets.

A 2. I[dentify excess(es) over SM

3. Identify the nature of BSM:
from coarse information to
measurements of mass spectrum,
v quantum numbers, couplings.

New regime for QCD. Exclusive description
for rich and energetic final states with flexible
MC to be validated and tuned to control
samples. Shapes for multi-jet final states and

normalization for key process important.
Accurate predictions (NLO,NNLO) needed

only for standard candle cross sections.

Importance of a good theoretical description
depends on the nature of the physics
discovered: from none (resonances) to
fundamental (inclusive SUSY).

Not fully worked out strategy. Several
approaches proposed (MARMOSET, VISTA,...).
Only in the final phase accurate QCD
predictions and MC tools for SM as well as for
the BSM signals will be needed.

Fabio Maltoni
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Bottom-line

No QCD = No Party
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A simple plan

® |ntro:the LHC challenge
® Precision QCD: from LO to NNLO

® Useful QCD: Parton Shower approach
® Best QCD: Merging Fixed Order with PS

Frascati, Bruno Touschek Spring School 2010
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Master QCD formula

Q2 Q?
/LF MR

x =3 / Aoy ful@r, 1) fol@a, 1%) X Gapx (21,22, as(1h), 5o o)

Two ingredients necessary:

|. Parton Distribution functions (from exp, but evolution from th).
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Progress in the PDF

PDF measured at HERA and fixed-target
experiments. x dependence from data.
Q? dependence from DGLAP evolution.

Recently:

NNLO calculation of the 3-loop splitting kernels

(“the hardest calculation in QCD”)
[Moch,Vermaseren,Vogt. 2004]

Together with short distance NNLO calculation first g&
sets of NNLO PDF sets. [MRST and Alekhin, 2004] ~
o
PDF’s with errors: Various “traditional
methods”,[CTEQ and MRST, 2003]. Also new approaches,
the functional space [Giele, Keller, Kosower.2001] and the

Neural Network (NNPDF) approach [Del Debbio, Forte,
La Torre, Piccione, Rojo. 2002,2005].

Issues:
|. small-x effects
2. Heavy flavors pdf

Frascati, Bruno Touschek Spring School 2010 Fabio Maltoni
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Master QCD formula

Q2 Q?
NF MR

x =3 / Aoy ful@r, 1) fol@a, 1%) X Gapx (21,22, as(1h), 5o o)

Two ingredients necessary:
|. Parton Distribution functions (from exp, but evolution from th).
2. Short distance coefficients as an expansion in &s (from th).

~ 2
Oab—X = 00 T+ SO] + gO9 + . ..

Leading order

Next-to-leading order

Next-to-next-to-leading order
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The technical challenges

How do we calculate a LO cross section for 3 jets at the LHC!?

. Identify all subprocesses (gg—ggg, qg—qgg....) in

o(pp — 3j) = /fz x1) fi(22)6 (1) — k1koks)
17k

ll. For each one, calculate the amplitude:

A({p}. {h}.{eh) = 3" D

lll. Square the amplitude, sum over spins & color, integrate over the phase

space (D ~ 3n)
.1 2
6= d<I>p§ Al very hard
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&

LO

Q2 Q?
:“F :“R

>)

Ox = Z/ d$1d$2 fa(xl ,uF)fb('CEQMMF) X O-ab—>X($17£U27OKS(ILLR)

® Matrix element calculators provide our first estimation of rates for
inclusive final states.

® Extra radiation is included: it is described by the PDF’s in the initial state
and by the definition of a final state parton, which at LO represents all
possible final state evolutions.

® Due to the above approximations a cross section at LO can strongly
depend on the factorization and renormalization scales.

® Any tree-level calculation for a final state F can be promoted to the
exclusive F + X through a shower. More on this tomorrow...
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LO

* Many available algorightms for automatic generation of tree-level matrix element, some of which in a public
tools:
-- Feynman diagrams (with tricks to reduce factorial growth) :
CompHEP/CalcHEP, AMEGIC++, MadGraph
-- off-shell recursive relations: Berends-Giele, ALPHA/ALPGEN, HELAC, COMIX
-- on-shell recursive relations (twistor inspired) : CSW, BCFW

* Automatic/modular integration over phase space and event generation:
-- HELAC/PHEGAS, MadEvent, SHERPA,ALPGEN

* Merging with PS : HELAC (MLM), SHERPA (CKKW), ALPGEN (MLM), MadEvent (CKKW, KTMLM)

Final BG BCF CSW [Duhr, Hoeche, FM]

State | CO CD CO CD CO CD
2¢ 024 028 0.28 0.33 031 0.26
3¢ 045 048 0.42 0.51 0.57 0.55
d¢ 1.20 1.04 0.84 1.32 1.63 1.75
5¢ 3.78  2.69 2.59 7.26 5.95 5.96
6¢ 1420 7.19 11.90 59.10 2780 30.60
7¢ 58.50 @ 23.70 73.60 646.00 146.00 | 195.00
8¢ 276.00 8210 | 597.00 | 8690.00 | 919.00 | 1890.00
9¢ | 1450.00  270.00 | 5900.00 | 127000.00 | 6310.00 | 29700.00
10g¢ | 7960.00 = 864.00 | 64000.00 48900.00

The “good and old” BG provide the fastet approach. Need to work also for complex momenta (see later).,
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NLO calculations

NLO calculations are needed to perform measurements where the
knowledge of total and differential rates is essential. This is true not only
for the signal but also for the backgrounds.

Standard NLO programs do not produce unweighted events and therefore
are not suitable for direct experimental analysis.

In fact, it can be highly non-trivial to establish an accurate connection
between what is computed at the partonic level and what is measured
(hadronic quantities).

Comparison with data can be done once detector and hadronization
effects have been deconvoluted.

Be aware that there are many possibly dangerous (mal)practices in the exp
community (K-factor, reiweithing of distributions,...)

Suggestion: always consult with the authors of the code in case of doubts...
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Tevatron vs LHC
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Inclusion of higher order corrections leads to a stabilization of the prediction.
At the LHC scale dependence is more difficult to estimate.
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The elements of NLO calculation

Real

Virtual

The KLN theorem states that divergences appear because some of the
final state are physically degenerate but we treated them as different. A
final state with a soft gluon is nearly degenerate with a final state with

no gluon at all (virtual). /

O'NLO — ‘Mreal|2dq)3 -+ 2Re (M() ) ) d(I)Q — finite!

virt
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Infrared divergences

Infrared divergences arise from interactions that happen a long time after
the creation of the quark/antiquark pair.

When distances become comparable to the hadron size of ~| Fermi, quasi-
free partons of the perturbative calculation are confined/hadronized non-

perturbatively.

We have seen that in total cross sections such divergences cancel. But what
about for other quantities?

Well obviously the only possibility is to try to use the pQCD calculations for
quantities that are not sensitive to the to the long-distance physics.

Can we formulate a criterium that is valid in general?

YES! Itis called INFRARED SAFETY



Infrared-safe quantities

DEFINITION: quantities are that are insensitive to soft and collinear
branching.

For these quantities, an extension of the general theorem (KLN) exists
which proves that infrared divergences cancel betwen real and virtual
or are simply removed by kinematic factors.

Such quantities are determined primarly by hard, short-distance physics.
Long-distance effects give power corrections, suppressed by the inverse
power of a large momentum scale (which must be present in the first
place to justify the use of PT).

EXAMPLES: total rates & cross sections, jet distrubutions, shape
variables...

NLO codes calculate IR safe quantities
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Something to remember well

Calling a code “a NLO code” is an abuse of language and can be confusing.

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.

Example: Suppose we use the NLO code for pp — tt

g - t g - t g - t
g . ¢ g E . ¢ g . ¢
LO Virt Reala%‘>c>
== Total cross section, O(tt)............... v
(R PT Of onhe tOP quarl( ...................... J
== Pt of the tt pair .....ccceveeirecincannes X
= Profthejet ., X
" tt invariant mass, m(tt) ................... v
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Anatomy of pp—Higgs at NLO

® | O : |-loop calculation and HEFT

® NLO in the HEFT
» Virtual corrections and renormalization
» Real corrections and IS singularities

® Cross sections at the LHC
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pp—H at LO:

This is a “simple” 2— | process.
@, H f +p

However, at variance with pp—W, the LO order
process already proceeds through a loop. ¢4 —-— —

In this case, this means that the loop calculation

. . br L EI —q
has to give a finite result!

Let’s do the calculation!

z'A:—(—igs)QTr(tatb><_imt>/(ddg — ) en(p)en(q)

v 27)™ Den (
where

Den = (12 — m?)[(£ 4 p)? — m2][(¢ — q)> — m?]

dy
[Ax+ By +C(1 —x —y)|3

1 1 1—=x
: : : : BRI
We combine the denominators into one by using A1BC /0 :B/O
1 1
—— =2 [ dx d ,
Den / CYE = mE 20 (e — gy
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pp~HatLO -

A%k k2 o (1 +e) . a, i
/ (2m)d (k2 — C)3 322 (4) ; (2—¢)C

ddk 1 i ) e
/ (2m)d (k2 — C)3 T 39,2 (4m)T(1 +e)C e, /

b, v

where d=4-2eps. By substituting we arrive at
a very simple final result!!

. M3 1-4
A(gg% H) _ gy 5ab(g,u1/_H_puq,u) /dﬂ?dy( . Ty

mi — mixy

TV 2

Comments:

* The final dependence of the result is mt?: one from the Yukawa coupling, one from the

spin flip.

* The tensor structure could have been guessed by gauge invariance.

* The integral depends on mt and mh.

Frascati, Bruno Touschek Spring School 2010
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LO cross section

1 1
o(p — H) = [ dny [ gl gt ) olag — B

v =T1eY a9 =Te ¥V T =129 T0=M%/S z=T1/T

a% M2 —log /70 -
u( )\ - / dyg(V/Foe")g(v/Toe)

— 2 2
647’(’?} T og \/ﬁ

200

100 |

The hadronic cross section can be ;
expressed a function of the gluon-gluon s |
luminosity. ' N

|(x) has both a real and imaginary part, :
which develops at mh=2mt. 5t

This causes a bump in the cross section. |

0 100 Z00 200 400 =00 0o



pp >H @ NLO

At NLO we have to include an extra parton
(virtual or real).

The virtuals will become a two-loop calculation!!

Can we avoid that!? 0

Let’s consider the case where the Higgs is light:

2 M# 1 -4
A(gg—>H):—Oésmtéab<g'uy—H_pyqu>/dl'dy( . CBy >

TV 2 mey

3TV

2
g e }

This looks like a local vertex, ggH.

The top quark has disappeared from the low energy theory but it has left
something behind (non-decoupling).

Frascati, Bruno Touschek Spring School 2010

Fabio Maltoni



Higgs effective field theory

1 ag H This is an effective non-renormalizable theory
Lo = ~ (1 - 3——) G"G (no top) which describes the Higgs couplings to
v QCD.
Pria -
“,
@, b % — MV . VM
f&@: 1A H™ (p,.p1) H (p17p2) p— g p]_ p2 p1p2 .
&
P:‘-"bf&ﬁ&
i)
pima
5: Hvp P 4KV v v
COCETTEY AV (pprp) V) (pl,pg,p3) = (pl - p2) gt + (p2 — pg)”g P4 (p3 _ p1) g,
p:vh =
=
(b) piOcC
pima
3 HvYpo up Vo o VP
2 Xabcd - fabefcde(g g g g )
=)

Pzﬁgﬂ_ﬁ_ﬂ_ﬂ_ﬁ_l ﬂﬁmﬁf‘;d iAg X, _I_fa,cefbde (g,UngpU L g,U»O'gl/p)
+ fade Joee (97 977 — 97" 977 ).

ST

(c)

C

=

¥
.
b



LO cross section: full vs HEF-

1 1
otpp — H) = [ dny [ gl gt ng) 5log — )

200

The accuracy of the calculation in e
the HEFT calculation can be directly so [
assessed by taking the limit m— .

20

For light Higgs is better than 10%. a:

0 100 Z00 =00 400 =00 =1ii]

So, if we are interested in a light Higgs we use the HEFT and simplify our life.
If we do so, the NLO calculation becomes a standard |-loop calculation,
similar to Drell-Yan at NLO.

We can do it!!
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Virtual contributions

| N D,
A AN SO0
A1 A L
o o
g
11 o S s H
Lo = (1 + 5 7 GG
s m v

The result is:

12
Oyirt = 00 0(1 — 2) {1 + —C’A (

27T mH
ag my
OB —
o T 576v%s

Frascati, Bruno Touschek Spring School 2010

Out of 8 diagrams, only two are non-zero

(in dimensional regularization), a bubble and
a triangle.

They can be easily written down by hand.

Then the integration over the
decomposition into scalar integrals
integration has to be performed.

tensor
and loop

One also have to consider that the coefficient
of the HEFT receive corrections which have
to be included in the result.

) 2 11
CP_62|3+7T ’

(1+e+eu* 6(1 —2) =00 (1 — 2) z=my/s
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This is the last piece: the result at the
end must be finite!

2/eps cancels with the virtual
contribution v

This is the renormalization of the
coulping!!

2 =
Y s H 50]
g, =20pn— |— | —— 1 cr—

2 | —

f’iii B,

a2 (lﬂgil—f}) ] |

This is an initial-state divergence to be
reabsorbed in the pdf

2 13
coll. s H cr
Oct. =200 KE) " gg(z)] v
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Final results = we made it!!

1 1
dzy / dwa fi(w1, p) 3 (@2, 1016 (6 [tk /e, pirf 100y 05 (1)

oo —m =Y |

iJ 0 7'0/5191
The final cross section is the sum of three 37—
channels: q gbar,q g,and g g. L LHC

pr/My=2. pg/Myg=0.5

The short distance cross section at NLO
depends explicitly on the subtraction scales ol e /My=0.5, pp/My=2
(renormalization and factorization). '

15p .
The explicit integration over the pdf’s is trivial | 1 ]
(just mind the plus distributions). | '
)5 NLO E
The result is that the corrections are huge! [ 0
. l?DDI 150 =200 250 300
K factor is ~2 and scale dependence not really AL, [GeV]
very much improved. - \t,, [GeV]

Is perturbation theory valid?
NNLO is mandatory...
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General algorithm for calculations of
observables at NLO

As we discussed, the form of the soft and collinear terms are UNIVERSAL, i.e., they
don’t depend on the short distance coefficients, but only on the color and spin of the
partons partecipating soft or collinear limit.

Therefore it is conceivable to have an algorithm that can handle any process, once
the real and virtual contributions are computed.

There are several such algorithms avaiable, but the conceptually simplest is the
Subtraction Method [Catani & Seymour ; Catani, Dittmaier, Seymour, Trocsanyi]

LO L B
Oab — / dgab
m

Jg';LD / d.-:rﬂ_—}—/ d.-:r;;
m—+1 m
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General algorithm for calculations of
observables at NLO

One can use the universality to construct a set of counterterms

dg':t — Z/ d{TB @/cht
ct Tre 1

which only depend on the partons involved In the divergent regions, do® denotes the
approriate colour and spin projection of the Born-level cross section and the counter
terms are independent on the process under considerations.

These counter terms cancell all non-integrable singularities in dO®, so that one can
write

o0 = [ ok —dogh+ [ doch+ [ dol,
m—+1 m-+1 ™

where the space integration in the first term can be performed numerically in four
dimensions and the integral of the counter terms can be done once for all.

Fabio Maltoni



An (incomplete) list of NLO codes

o NLOJET++ [Nagy] pp— (2,3) jets
e AYLEN/EMILIA [de Florian, Dixon, Kunszt, Signer| _Ii?,‘:?—}(W, Z) + (W, Z, }’)

e DIPHOX/EPHOX [Aurenche, Binoth, Fontannaz, Guillet, Heinrich, Pilon, Werlen] pp—7y + 1 jet, pp—yy,
Yip—y+1ljet

e MCEM [Campbell, Ellis] pp— (W, Z) + (0,1,2) jets, pp— (W, Z) + bb, . ..

e heavy-quark production [Mangano, Nason, Ridolfi] pp— QQ

. Sinﬂle-tc}p production [Harris, Laenen, Phaf, Sullivan, Weinzierl] pp—Qg

e associated Higgs pmductinn with tf [Dawson, Jackson, Orr, Reina, Wackeroth, Beenakker, Dittmaier,
Kramer, Plumper, Spira, Zerwas| pp—}HQQ

e VBENLO [Figy, Zeppenteld, C.O.| pp— (W, Z, H WW, ZZ, WZ ) + 2 jets, QCD corrections to

electroweak production, when typical vector-boson fusion cuts are applied

. di-pthDI‘l pdeuEtiDH [del Duca, Maltoni, Nagy, Trocsanyi] pp—yy + 1 jEt

For a more complete list, and the corresponding web pages, see:

http://www.cedar.ac.uk/hepcode
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Example:MCFM

Downloadable general purpose NLO code (Campbell & Ellis)
pp— W*/Z pp— WT W~
pp— W=+Z pp— L+ Z
pp— W=+ pp— W=/Z + H
pp — W= + g* (— bb) pp — Zbb
pp — W=/Z +1 jet pp — W/Z 4 2 jets
pp(gg) — H pp(gg) — H + 1 jet
pp(VV) — H + 2 jets pp— t+q
pp — H +0b pp— Z +b

== Plus all single-top channels,Wc,WQ)J, ZQ)j....

== Extendable/sizeable library of processes,

relevant for signal and background studies, including spin correlations.

== Cross sections and distributions at NLO are provided

== Easy and flexible choice of parameters/cuts (input card).
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Progress in loops

Several new developments coming from the idea

A scattering amplitude is an analytic function of the external momenta
and (most) its structure can be reconstructed from the poles and the branch cuts.

LOOPS can be calculated from tree-level amplitudes

v" POLES : lower number of external lines. Cauchy residue theorem [Cachazo, Svreck, Witten]

. " e 1 i [Witten]
n-1 ket el n—1
St S [Britto, Cachazo, Feng]

v~ BRANCH CUTS : lower number of loops

; : it Disc :I[c{‘*m; 0, ) AT (A, f+ 1, =1, =)

d'o = atty dty s (6 + 6, — Py) 87 (3) 87 (1)
)2y g2 B »
8" (pT) = &(p7)0(po) on-shell condition [Vermaseren, van Neerven]
[Bern, Dixon, Dunbar, Kosower]
[Britto, Cachazo, Feng]
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o ] Generalized unitarity

i [Bern, Dixon, Kosower]

[Britto, Cachazo, Feng]
[Anastasiou, Kunszt, Mastrolia]

7 - 3o " EE’]>< + e + 3 Q

Three and four particle cuts are non zero due to the continuation
of momenta into complex values!
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Next-to-leading order : Loops

P s

virtual real

Any one-loop amplitude can be written as (PV decomposition):

= Zm + 2&; + Zc,- >O< + de Q

M = E a:(D) Boxes; + E bi(D) Triangles, + E ¢;(D) Bubbles; + 2 d;( D) Tadpoles,

3

* All the scalar loop integrals are known and now easily available [Ellis, Zanderighi]

* Open issue is to compute the D-dimensional coefficient in the expansion:
large number of terms forbid a direct evaluation with symbolic algebra. In addition
normally large gauge cancellation, inverse Gram determinants, spurious phace-space
singularities lead to numerical instabilities.

Sometimes it is better to calculate
M =% a;(4) Boxes; + 2 b;(4) Triangles; + % ;(4) Bubbles; + ¥ d;(4) Tadpoles, + R

Where R is a rational function
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The loop race

Impressive developments in the last year(s) : automatic and multiporpose
method to |-loop calculation in sight

Unitarity-based methods

On-shell recurrence relations

Improved tensor reduction

Bern, Dixon, Dunbar and Kosower
Britto, Cachazo, Feng and Witten

Bern, Dixon and Kosower

Anastasiou, Britto, Feng, Kunszt, Mastrolia
Anastasiou, Kunszt, Forde

Ossola, Papadopoulos,Pittau [CutTools]

Ellis, Giele, Kunszt, Melnikov

Moretti, Piccinini, Polosa

Catani, Gleisberg, Krauss, Rodrigo, Winter
Berger, Bern, Dixon, Febres Cordero, Forde,
Ita, Kosower, Maitre [BlackHAT]

Giele, Zanderighi [Rocket]

Binoth, Guillet, Pilon, Heinrich and Schubert

Denner and Dittmaier
Xiao,Yang, and Zhu

New papers and proposals on daily basis....

Fabio Maltoni
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The future of NLO

® VERY active field of research, with a lot of progress
achieved in the last one or two years. New approaches
for numerical evaluation of the scalar integrals and also of

the tensor decomposition proposed. Several results
achieved (Ex. ttjj at NLO by the HELAC-NLO coll.).

® Several new general algorithms to interface NLO

calculations with parton showers have been also
proposed and tools available (POWHEG BOX).

® Full automatization of NLO calculations interfaced with
showers (~ Pythia@NLO) imminent.
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What about NNLQO?

® At present only 2— | calculations available, all of
them (parton) exclusive final state.

® From loop integrals to phase space integrals...all of
them are an art!

® General algorithms and checked only in e+e- — 3]
at NNLO.

Let’s consider two physics cases:

a. Drell-Yan
b. Higgs

Frascati, Bruno Touschek Spring School 2010
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Drell-Yan

lepton

lepton

® C(Clean final state ( no hadrons from the hard process).

® Nice test of QCD and EW interactions. The cross sections are known up to
NNLO (QCD) and at NLO (EW).

® Measure mw to be used in the EWV fits together with the top mass to guess
the Higgs mass.

® Constraint the PDF

® Channel to search for new heavy gauge bosons or new kind of interactions
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Elements of pp—W NLO calculation

I s

» Virtual

» Real

e

i VAVAVAVAY N
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Drell-Yan @ NLO

lﬂ'ﬂ E ] ] ] | ] ] ] ] ] | ] ] | ] | ] ] | ] ] ] ] | ] ] ] ] E
C pp->W-ev, E
i e miss ] ﬂfﬂ
1071 |- | < 2.5 Er > 20 Gev. ] Ay = }t f dpe di (cuts)
- . o (tot) p?[min} de
 10-2 - _
: 10 E LHC E V/ K(_"{) _ dUNLD/dI
- NLO - dEFLD/dI
1073 = e LO 3
: ] K factors STRONGLY phase-space
A ‘ ] dependent.
1“—4 | | | 1 | | | | | | | 1 | | | | 1 | | | | 1.;-'I | | | | | |
20 a0 40 50 B0 70 B0

pr(min) (GeV)

Lepton spin correlations have to be taken account correctly!
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Elements of pp—W NLO calculation

I s

» Virtual

» Real

e

i VAVAVAVAY N
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Elements of pp—W NNLO calculation

:D>,\/\( ’\A< + 100 terms

:ﬁ ﬁ + 300 terms
———( o000

CEEEEER K + 500 terms
B VAVAVAVAV

= Need clever algorithms to handle!

» Virtual-Virtual

» Real-Virtual

» Real-Real

Frascati, Bruno Touschek Spring School 2010
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The NNLO result

pp — (Z")+X at Y=0
ED I I |||||||||||||||||||||||||||||||||||||| I I I I | LI |||||||||||

e Precision predictions at NNLO

e Also miss qualitative effects
at lower orders

e Few initial channels open,;
sensitivity to pdfs underestimated

e Few jets in final state
e Jets modeled by too few partons
e Incorrect kinematics, e.g., ho pr

d®c/dM/dY [pb/GeV]

a0 L AEIE NEENE FETRETRTTI AT | MR IS REETE R
0.2 Q.3 0.6 Q.7 1.0 2.0 a.0 6.0

[Anastasiou, Dixon, Melnikov, Petriello. 2004]
/M
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pp—H at NNLO

30— 11—
- LHC
[ pg/ My=2, anﬂiz_-ﬁ_ ]
25 I i
—_ o, R —
'_ﬂ I
oL 20F - o
— T —— P/ Mg=0.5, pp/My=2
%} | 3
s o 1.5 :._._,_,_._._-—-—-—'—'—'_'_'_'_'_-_ ]
A BT
I e I ]
8 10} Lo} —:
5 [
3 LHC 05F NNLO _'
- ; NLO ]
OF : LO _
[ . L . . | . . . . | . . . . ] . . L . ] G-ﬂ L . . . ] L . . L ] . . . L ] . . . L
100 150 200 200 300 100 150 200 200 300
M, [GeV] M, [GeV]

Is the series well behaved? — YES NNLO 15%

The current TH QCD uncertainty on the total cross section is about |0%.

What about our predictions for limited areas of the phase space!?
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at NNLO

pp * H+ X - WV + X+ eTve v+ X

_U
] O
P

1

1-25 I I I I I I I I I I I I | I I I I | I I 1 1 | 1 1 1 1 | 1 I I 1 | I I I I | I I I I | I I I I
i MEST2004 ] - :_ _:
B My=180 GeV A = -
1.00— — - ]
T p'; < 40 GeV - 24 — 3
076 — ] D=4 — : .
L ] - 2B —
a -, . . 1 B - x B
2 i e o NNLO i ° N ]
B D&ED— 000 e -+ ____. HL'D — ‘ _— —_
= _ _ — = |
- e R [ e LG ] = -
L - ] 1B — MESTZ001 L0, MEETE004 NLO/NNLD —
02— e = — Z Mg = pr = Mp/2 i
| - - M, = 185 Ge¥ -
| ] 16 [ gll other out= ]
i | 1 1 | 1 11 1 | 1 11 l | 11 i : L1 1 l L1 1 1 | D ——— | L1 1) | L1 | N N | :
u.nuu 1 > 3 4 5 25 1) av 5 30.0 92§ 35.0 375 40.0
vetn
Yu P [GeV]

[Anastasiou, Melnikov, Petriello. 2005]

[Catani, grazzini, 2007] [Anastasiou, Dissertori, Stockli. 2007]
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A simple plan

® |ntro:the LHC challenge

® Precision QCD: from LO to NNLO

-ful QCD: Parton Shower approach

® Best QCD: Merging Fixed Order with PS
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3. Hadronization
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. High-Q2 Scattering

2. Parton Shower

= where new physics lies

=

&
l=q ﬁ

= process dependent

= first principles description

== it can be systematically improved

3. Hadronization

4. Underlying Event



. High-Q2 Scattering 2. Parton Shower

== QCD -"known physics”
= universal/ process independent

= first principles description

3. Hadronization 4. Underlying Event
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= low Q2 physics

= universal/ process independent

= model dependent

3. Hadronization

4. Underlying Event



. High-Q2 Scattering 2. Parton Shower

= low Q2 physics
= energy and process dependent

= model dependent

o ﬁ -@
>N / .-
N~ V 4 ... o
[ ] ,. J -9
-.’ f .r. . t‘-ﬁ.
r O J
« ® . @ o

3. Hadronization AR 4. Underlying Event



Parton branching

ME involving g ?q g (or g = gg) are strongly enhanced when they
are close in the phase space:

v =Fy/E, t =k

0 =10, + 0.
b b
1 ~ 1 C1—2z oz
(pg +pg)? 2E,E,;(1 —cosf) | /
" E, 2(1—2)
dt d
doyer = doy 5220 Ky (2)]
d5 i dtd P (2)
o = don—dz— Py,
N+1 N ) b

The cross section factorizes. The splitting can be iterated
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Parton branching

It is easy to iterate the branching process:

a(t) — b(z) +c, b(t) —d(Z)+e
dt — dt’ ( <

2
Ao N0 = doN— t dz—dz Q;T) Pyo(2) Py (2")

This is a generalized Markov process (in the continuum), where the probability of

the system to change (discontinuosly) to another state, depends only on present
state and not how it got there.,

n<..<T, —

P(m(’rn) < xple(Tho1), - - 111?(’?'1)) = P(2(7n) < zp|@(Tn-1))

Frascati, Bruno Touschek Spring School 2010
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Parton branching

Following a given line in a branching tree, it is clear that
contributions coming from the strongly-ordered region will be

leading
Q% >t >ty > ... txy > QF

fQ dty ftl dts /*N—l dt N ( QE)
ON X 000y ——f:r.;. log
@ N Qs

' penote Dy

¢, |E, ()

the ensemble of parton cascaJes initiated by a parton a of energy
E and emerging from a hard process with scale Q? (Generating

functional). Also, define
2 2
A (Ql ) QQ)

as the probability that a does not branch for virtualities Q7 > ¢t > Q3

Fabio Maltoni
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Evolution equation and Sudakov

With this, it easy to write a formula that takes into account all the
branches associated to a parton a:

lE.Q% = Aa(Q%Q5)Pa[E, Q7
Q"
. f dt Zfdf_pm )y [ B, £]D.[(1 — ) E.1]

Simple interpretation. First term describes the evolution to Qo, where
no branching has occurred. The second term is the contribution

coming from evolving with no branching up to a given t and then
branching there.

Now conservation of probability imposes that:

Q ‘¥
— AL(Q2.Q2) + f Ay / 122 B2
b

EI'

Which can be solved to give an explicit expression for A.
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Evolution equation and Sudakov

AL (Q% Q7) exp( fQ dthdf—Pba )

Proof: derive the conservation of probability equation

dA, Pa
0= 757 (@ Q) ~ 3 8@, ), m—zjdf—m

and impose the initial condition
Aa(Q%,Q%) =1

A {QQ QE} and therefore sometimes the second
2 a y ()
Note that Al (Q71) = A, (t Q%) argument is not used.

L 1
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Angular ordering

p,J

l{?, B ) dEk 2 _EP}‘F 2 * aﬂk
%Gg — E |Amﬁ| (ZH)BZkO E |A'D| (pk)(ﬁk) 8 E “HEy (23‘[)32;(0

k,a

Cr dKk® d 1 — cos 6;;
P i — doo osCr o cos 6;;

dcosB
kY 2m (1 —cosBy)(1—cosBy) o8

You can easily prove that:

(I —cosB)(1 —cosBy) T2

_|_

1 —cosB;; 1 cos 0z — cos B;; 1 |
(1 —cosB)(1l —cosB) 1 —cosBy

W) — finiteif k || j (cosOy — 1)
where w.. — finite if k| i (cos8 — 1)

F1
-. 2
The Probz%bilistic intc.arpretatiorT f)f.W(i) and W is a ) , |NW% O(p-,)
priori spoiled by their non-positivity. However, you | B
can prove [EXERCISE] that after azimuthal e - h
averaging:
- | W"@E O(¢-9,)
do 1 _ .
7270 = T oos 0 i O < 0. Ootherwise  pyrther branchings will obey angular ordering

dé 1 relative to the new angles. As a result emission
f_W(.f) = if 04 < 6;;, Ootherwise angles get smaller and smaller, squeezing the jet.

B 1 —cosB

- —_—



Angular ordering

The construction can be iterated to the next
emision, with the result that the emisssion angles
keep getting smaller and smaller.

In fact one can generalize the treament before to a
generic parton of color charge Qi splitting into two
partons i and j , Q=Qi+Q;. The result is that inside
the cones i and j emit as independent charges, and
outside their angular-order cones the emission is
coherent and can be treated as if it was directly from
color charge Q.

This has an effect on the multiplicity of hadrons in
jets (INTRAjet radiation), since the radiation is more
suppressed with respect to the total phase space
available, which one would get from an incoherent
radiation. Color ordering enforces coherence and
leads to the proper evolution with energy of particle
multiplicities.
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Monte Carlo approach to PS

Formulation in terms or suaakov Torm ractor Is well suitea to computer
implementation, and is the basis of parton shower Monte Carlo
programs.

Monte Carlo branching algorithm operates as follows. Given a virtual
mass scale and momenetum fraction (Qi, xi), after some step of the
evolution, or as initial consitions, it generates values (Q2,x2) after the
next step.

(Q1, x1) ‘I—)l (Q2 x1)

-—=>

(Q2, x2)

Since the probability to evolve from Q| to Q2 without branching is A(Q\)/
A(Q2), Q2 can be generated with the correct distribution by solving:
A(Q1) _ 7
A(Q2)

where R is a random number, uniform between 0 and |.
If R< A(Q1) the shower stops.
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Monte Carlo approach to PS

Formulation in terms of Sudakov form factor is well suited to
computer implementation, and is the basis of parton shower Monte
Carlo programs.

Monte Carlo branching algorithm operates as follows. Given a
virtual mass scale and

momenetum fraction (Q\, x)), after some step of the evolution, or
as initial consitions, it generates values (Q2,x2) after the next step.

Lo [T o 1—e€
/ [f.?’—b ( ) / dz EP(E)

Due to successive branching, a parton cascade or shower develops.
Each outgoing line is source of a new cascade, until all lines have
stopped branching. At this stage, which depends on cutoff scale,
outgoing partons have to be converted into hadrons.

Fabio Maltoni



Monte Carlo approach to PS

The structure of the perturbative evolution, including angular ordering,
leads naturally to the clustering in phase-space of color-singlet parton
pairs (preconfinement). Long-range correlations are strongly
suppressed. Hadronization will only act locally, on low-mass color singlet

clusters.

el % — 0=35CeV
] — = aal.e

0.8 —_— ) =91.2GeV 7

07 —_— ) = 180 GeV

RV S —_— ) = 100 GeV T

0.5 - _ _

o4 L Colour-singlet _

0.3 - cluster mass -

0.2 - distribution -

0.1 L }
1] ' =

1 L0y
>\ CeV
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Parton Shower MC event generators

® General-purpose tools
® Always the first exp choice

® Complete exclusive description of the events: hard scattering,
showering & hadronization, underlying event

® Reliable and well tuned tools.

most famous: PYTHIA, HERWIG
recent addition: SHERPA

® Significant and intense progress in the development of new
showering algorithms with the final aim to go at NLO in QCD
[Nagy, Soper, 2005; Giele, Kosower, Skands, 2007; Krauss, Schumman, 2007]
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A simple plan

® |ntro:the LHC challenge

® Precision QCD: from LO to NNLO

® Useful QCD: Parton Shower approach
-t QCD: Merging Fixed Order with PS
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How we (used to) make predictions!?

First way:

® For low multeplicity include higher order terms in our fixed-
order calculations (LO—=NLO—NNLO...) @

A 2
= Ogb—X — 00+ Qg01 + Qgog + ...

® For high multeplicity use the tree-level results

Comments:

|. The theoretical errors systematically decrease.

2. Pure theoretical point of view.

3. A lot of new techniques and universal algorithms are developed.

4. Final description only in terms of partons and calculation of IR safe
observables = not directly useful for simulations
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How we (used to) make predictions!?

Second way:

® Describe final states with high multiplicities starting from
2 =1 or 2 =2 procs, using parton showers, and then an
hadronization model.

Comments:

|. Fully exclusive final state description for detector simulations
2. Normalization is very uncertain

3.Very crude kinematic distributions for multi-parton final states
4. Improvements are only at the model level.
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[Mangano]

[Catani, Krauss, Kuhn,Webber]

ME VS PS [Frixione, Nason,VWebber]

M=

4

Shower MC

4

|. parton-level description |. hadron-level description
2. fixed order calculation 2. resums large logs
3. quantum interference exact 3. quantum interference

through angular ordering

4.valid when partons are

= > collinear and/or soft
5. needed for multi-jet description 5 nedeed for realisticte tiaiT

4. valid when partons are hard and
well separated

Approaches are complementary: merge them!

Difficulty: avoid double counting
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How to improve our predictions?

New trend:

Match fixed-order calculations and parton showers to obtain the most
accurate predictions in a detector simulation friendly way!

Two directions:

|. Get fully exclusive description of many parton events ME+PS
correct at LO (LL) in all the phase space.

2. Get fully exclusive description of events correct at NLO
in the normalization and distributions. NLOwWPS
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Merging fixed order with PS

[Mangano]
[Catani, Krauss, Kuhn,Webber]

_’ T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
PS 1u l lKl |16| l_.ﬂl_ SlHERlPA_:
By TN
1u": .
ME % % '
l 10* |' ;
| ]
a | i )
107 iy
111 ||||

Db Lo o b J1%

0 20 40 60 B0 100 120 140 160 180 200
PEJ"GG'H'

Double counting of configurations that can be obtained in different ways (histories). All the
matching algorithms (CKKW, MLM,...) apply criteria to select only one possibility based on the
hardness of the partons. As the result events are exclusive and can be added together into an

inclusive sample. Distributions are accurate but overall normalization still “arbitrary”.
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&

PS alone vs matched samples

A MC Shower like Pythia produces inclusive samples covering all phase space. However, there are
regions of the phase space (ex. high pt tails) which cannot be described well by the log enhanced
(shower) terms in the QCD expansion and lead to ambiguities. Consider for instance the high-pt
distribution of the second jet in ttbar events:

tt (a la Pythia)

P, of the 2-nd extra jet

) ISZXA
A
-1 . S A A

10°E" o Q2 (wimpy) TR, o X )

: N,

: 5 v W "

~ © Q (power) VAN

4

102~ 4 Pr (wimpy)

A P2 (power)

A A‘A [MadGraph]
10—3M I 11 1 1 I 11 1 1 I 11 1 1 I |
50 100 150 200 50 5(

0( 400

GeV
Changing some choices/parameters leads to huge differences = self diagnosies. Trying to tune the

log terms to make up for it is not a good idea = mess up other regions/shapes, process dependence.

Frascati, Bruno Touschek Spring School 2010 Fabio Maltoni



PS alone vs matched samples

A MC Shower like Pythia produces inclusive samples covering all phase space. However, there are
regions of the phase space (ex. high pt tails) which cannot be described well by the log enhanced
(shower) terms in the QCD expansion and lead to ambiguities. Consider for instance the high-pt
distribution of the second jet in ttbar events:

tt+0,1,2,3 partons + Pythia K+MLM

do/dP; (pb/bin
=

P, of the 2-nd extra jet

107" o Q% (wimpy)
E O Q2 (power)
10 A P (wimpy)

A PZ (power) |
[MadGraph] |
-3 | I 1 | | 1 I | | | | I | | | | I | | L1 I 1 | | I | 1 1 1 I 1 | 11
10°g 50 100 150 200 250 300 350 400

In 2 matched sample these differences are irrelevant since the behaviour at high pt is
dominated by the matrix element. LO+LL is more reliable. (Matching uncertaintes not shown.)
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PS alone vs matched samples : Z+jets at DO
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W+jets at CDF
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*Very good agreement in shapes (left) and in relative normalization (right).

* NLO rates in outstanding agreement with data.

* Matched samples obtained via different matching schemes (MLM and CKKW) consistent
within the expected uncertaintes. Differences might arise in more exclusive quantities.
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W+ jets: first comparison
W™ + jets comparison plots: Jet Er for LHC

[J. Alwall et al., arXiv:0706.2569]
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NLOwWPS

Problem of double counting becomes even more severe at NLO
* Real emission from NLO and PS has to be counted once
*Virtual contributions in the NLO and Sudakov should not overlap

Current available (and working) solutions:
MC@NLO [Frixione,Webber, 2003; Frixione, Nason, Webber, 2003]

- Matches NLO to HERWIG angular-ordered PS.
- “Some” work to interface an NLO calculation to HERWIG.
Uses only FKS subtraction scheme.

- Some events have negative weights.

- Sizable library of procs now.
POWHEG [Nason 2004; Frixione, Nason, Oleari, 2007]

- Is independent from the PS. It can be interfaced to PYTHIA or HERWIG.
- Can use existing NLO results.

- Generates only positive unit weights.
- For top only ttbar (with spin correlations) is available so far.

Fabio Maltoni
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ttbar : NLOwWPS vs NLO
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* Soft/Collinear resummation of the pr(tt) =0 region.

* At high pt(tt) it approaches the tt+parton (tree-level) result.
*When ®(tt) =20 (P(tt)— 1) the emitted radiation is hard (soft).

* Normalization is FIXED and non trivial!!
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NLOwWPS

“Best” tools when NLO calculation is available (i.e. low jet multiplicity).

* Main points:

* NLOWPS 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 limitations:
* Considerable manual work for the implementation of a new process.

* Only SM.
* Only available for low multiplicity.
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Status
pp— n particles

accuracy,
[IOOPS] Two-loop:

. Limited number of 2— | processes

.No general algorithm for divs cancellation
. Completely manual

.No matching known

2 O O One-loop:
‘ ‘ ‘ .Large number of processes known up to 2—3

.General algorithms for divergences cancellation
.Not automatic yet (loop calculation)

.Matching with the PS available for several processes
(MC@NLO)

T1| @ @ O OO pmm
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. Many algorithms

. Completely automatized
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Status: SUSY
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NLO:

.2—1(SM) and 2—2

. Fully inclusive (“K factors only”)
. Completely manual

+ SM
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Tree-level:

.Any process 2—2k susy + i sm
. Feynman-diagram based

. Completely automatized

. Double counting
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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.

® A new generation of tools and techniques has been is available. Among
the most useful is the matching between fixed-order and parton-
shower both at tree-level and at NLO.

® Fully efficient and flexible BSM simulation chain being completed. Same
level of sophistication as SM processes attained.

® Shift in paradigm: useful TH predictions in the form of tools that can be
used by EXP’s. Communication and collaboration between THs & EXPs
easier = emergence of an integrated LHC community.
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