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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 description of events at the
LHC.

Monte Carlo development is a VERY active line of theoretical

research in particle phenomenology with a community growing
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and give an idea on the imminent future.
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Claims and Aims

Provide an overview on the recent achievements in our
capabilities of making USEFUL predictions for the LHC
and give an idea on the imminent future.

7 Give you the minimal set of TH concepts necessary to
understand what MC generators are and do.

3. Be ready to work on the LHC data...
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Claims and (your) Aims

Several QCD and MC exercises on LHC phenomenology available
at MadGraph Wiki :

(http://cp3wks05.fynu.ucl.ac.be/twiki/bin/view/Physics/Barcelona)
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Test : How much do | know about MC’s?

Score Result Comment

Always keep in mind that there are
Addict also other interesting pheno activities
in the field.

No problem in following these
lectures.

Excellent

Fair Check out carefully the missed topics.

Room for improvement Enroll in a MC crash course at your
(not passing the Turing test) home institution.

5 No clue No clue
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A simple plan

Physics challenges at the LHC
Basics : QCD and MC’s methods
The new generation of MC tools

New simulations for New Physics

TAE School, Barcelona 2010 Fabio Maltoni



A simple plan

-

® Physics challenges at the LHC

® Basics : QCD and MC’s methods

® The new generation of MC tools

® New simulations for New Physics
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Discoveries at hadron colliders

-4
10 100 200 300 400 500 600 700 @800 900 1000

M(ee) (GeV/c)
¢ 3
easy

Background directly measured
from data. TH needed only for
parameter extraction
(Normalization, acceptance,...)
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shape

PP—88,89,qq *jets+lr

i [—susy
| Sum of all BG
Lo @ tbarslets

: A Welels
LW Zedets

500 1000 1500 2000 2500 3000 3500

hard

Background shapes needed.
Flexible MC for both signal
and backgroud tuned and
validated with data.

rate
ppH2WTW-

CDF Run Il Preliminary fL =241b"

E
E HWW ME+NN M, = 160 [GeV/c’] High S/B
E mHWW

i
m|mWy

0.8 -06 -04 -0.2 0 02 04 06 038 1
NN Output

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

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, o(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...We have already a very good example of a similar discovery!

b

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, o(tt)] , works for the SM Higgs, but

in general beware that.. we don’t know what to expect!
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Example: early discovery SuperSymmetry at the LHC
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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

- MadGraph+Pythia L El s st

do /dH._ (pb/bin)

—

— SLISY dafault 0

“New MC
for Signal & BKG”

1200 1400 1600 1800 2000
HT=PT[]2}I+FT(J3}+PT[]4}+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...

Texte: signal matched ME+PS. Predictability improved. Same theoretical status as the background.
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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
| =2 decays.

4.The narrow width
approximation is employed.

5. Non-resonant diagrams are
ignored.

Flexible and powerful ME

tools are needed to check
and in case go beyond the
above approximations!

TAE School, Barcelona 2010 Fabio Maltoni



The path towards discoveries
LHC physics = QCD + €

|. Rediscover the known SM at the New regime for QCD. Exclusive description
LHC (top's, W’s, Z's) + jets. 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.

2. ldentify excess(es) over SM Importance of a good theoretical description
depends on the nature of the physics
discovered: from none (resonances) to
fundamental (inclusive SUSY).

3. Identify the nature of BSM: 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.

from coarse information to
measurements of mass spectrum,
quantum numbers, couplings.
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Bottom-line
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Bottom-line

No QCD = No Party
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A simple plan

® Physics challenges at the LHC

a )

® Basics : QCD and MC’s methods

S ———
® The new generation of MC tools

® New simulations for New Physics
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The QCD Lagrangian

By direct inspection and by using the form non-abelian covariant derivation, we
can check that indeed non-abelian gauge symmetry implies self-interactions. This
is not surprising since the gluon itself is charged (In QED the photon is not!)

+> " (@7 = mg)uy”
f

F, = 0,A% — 0, A% —g "¢ A} A
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The importance of color

| =
=1/2 *) <-I/Nc
K <
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The importance of color

1 1 ! : | g
tiilhs = 5(&15/@' — Eaij5kl) g = |/2 *) (-”NC
< k e

Problem: Show that the one-gluon exchange between quark-antiquark pair can be attractive
or repulsive. Calculate the relative strength.
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The importance of color

1 1 [ j »
tiilhs = 5(52'55/«3' — Edijékl) g = |/2 *) (-”NC
< k e

Problem: Show that the one-gluon exchange between quark-antiquark pair can be attractive
or repulsive. Calculate the relative strength.

Solution:a q gb pair can be in a singlet state (photon) or in octet (gluon) :3 ® 3= 1® 8

1 1 1 1
5(5%5@' — ﬁc(sz’j&k)&ei = §5lj(Nc —

ﬁc) = Croy;

1 1 i i
5(5%5@' — Eéijélk)tki = TN ti;
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The importance of color

1 1 [ j »
tiilhs = 5(52'55/«3' — Edijékl) g = |/2 *) (-”NC
< k e

Problem: Show that the one-gluon exchange between quark-antiquark pair can be attractive
or repulsive. Calculate the relative strength.

Solution:a q gb pair can be in a singlet state (photon) or in octet (gluon) :3 ® 3= 1® 8

1 1 1 1
5(5%5@' - ﬁc(sz’j&k)&ei = §5lj(Nc - ﬁc) = Cray;

>(), attractive

1 1 i i
5(5%5@' — Eéijélk)tki = TN ti;

<0, repulsive

TAE School, Barcelona 2010 Fabio Maltoni



Example: WBF fusion
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= higgs

Facts:

|. Important channel for light Higgs
both for discovery and measurement

2. Color singlet exchange in the t-channel
3. Characteristic signature:

forward-backward jets + RAPIDITY GAP

4. QCD production is a background to
precise measurements of couplings
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my=120 GeV, p;>20 GeV

I ] | 1 |
2 4

- == higgs Del Duca et al.

Third jet distribution

TAE School, Barcelona 2010 Fabio Maltoni



Example: WBF fusion
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Example: WBF fusion

Consider WBF: at LO there is no exchange of color between the quark lines:
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Cpéij5kl —
Moo M = CpN? ~ N?

1—loop

TAE School, Barcelona 2010 Fabio Maltoni



Example: WBF fusion

Consider WBF: at LO there is no exchange of color between the quark lines:

Cpéij5kl —
Moo M = CpN? ~ N?

1—loop

TAE School, Barcelona 2010 Fabio Maltoni



Example: WBF fusion

Consider WBF: at LO there is no exchange of color between the quark lines:

Cpéij5kl —
Moo M = CpN? ~ N?

1—loop

1 1
5(5%5@' — ﬁ(sw&d) —
‘Z\f‘cree]\4i|< =0

—loop
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Example: WBF fusion

Consider WBF: at LO there is no exchange of color between the quark lines:

Cpéij5kl —
Moo M = CpN? ~ N?

1—loop

1 1
_(5ik5lj — ﬁéi]ékl) —

2
Mtreer_ =0

loop

Also at NLO there is no color exchange! With one little exception....
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LO : the technical challenges

How do we calculate a LO cross section for 3 jets at the LHC!?
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o(pp — 3§) = / fil) £ (@2)6 (i — kakaks)
17k
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&

Beware of the factorial growth

e Complexity of plain vanilla Feynman
calculations grows factorially

e “Old techniques” based on
calculating simpler guauge invariant
objects by a recursive techniques are
much more powerful.

133 ®|n any case the calculation through
partial amplitudes is not as efficient as
30| the direct calculation of the full
199 | amplitude at fixed color through
7335 numerical recursive relations
[ALPGEN, Moretti, Caravaglios,
28199 Mangano, Pittau, 1998; HELAC,
108280 Draggiotis, Kleiss, Papadopoulos,
1998], which has only an exponential
growth.

® New twistor tree-level BCF or
CSW, without or with color, relations
don’t improve on the “old” Berends-

Giele recursive relations.
Note: one always needs to (MC) sum over colors at [Dinsdale, Wernick, Weinzierl, 2006;

the end, something that is intrinsically factorial. Duhr, Hoeche, FM, 2006].
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Intermezzo:

from integration to event generation

TAE School, Barcelona 2010 Fabio Maltoni



Intermezzo:

from integration to event generation

Calculations of cross section or decay widths involve
integrations over high-dimension phase space of very
peaked functions:
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Calculations of cross section or decay widths involve
integrations over high-dimension phase space of very
peaked functions:

_ 1 2
- — 28/\/\/1\ 4 (1)
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Intermezzo:

from integration to event generation

Calculations of cross section or decay widths involve
integrations over high-dimension phase space of very
peaked functions:

Dim|P(n)| ~ 3n

| Y- 4
- — 2—8/\/\/1\ 4 (1)
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Intermezzo:

from integration to event generation

Calculations of cross section or decay widths involve
integrations over high-dimension phase space of very
peaked functions:

» Dim|[®P(n)| ~ 3n
1 2
o= / M[2dd(n)

General and flexible method is needed
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Phase Space
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Phase Space
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Integrals as averages ,@Q)

Dj,

=
@ ®

®
e \®
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= Convergence is slow but it can be estimated easily
== Error does not depend on # of dimensions!

= Improvement by minimizing V.
= Optimal/ldeal case: f(x)=C =VN=0
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Importance Sampling
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1
I:/ dx cos zaz
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Importance Sampling

Iy =0.637+0.307/V'N Iy =0.637 +0.031/

0.2 0.4 0.6 n.2 0.z 0.4 0.6 0.g 1

! ! COS 5T
I :/ dx cos —z I :/ dr(l — %) —2
0 2 0

1 — x?
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Importance Sampling

Iy =0.637+0.307/V'N Iy =0.637 +0.031/
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I :/ dx cos —z I :/ dr(l — %) —2
0 2 0

1 — x?

_rée cos 5 x|&]
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n.2 0.4 n.& n.a2

1
I:/ dx cos z:J[;
0 2

TAE School, Barcelona 2010 Fabio Maltoni




Importance Sampling

Iny = 0.637 £ 0.307/vVN

1
I:/ dx cos z:J[;
0 2
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Importance Sampling

but... you need to know too much about f(x)!
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Importance Sampling

but... you need to know too much about f(x)!

idea: learn during the run and build a step-function
approximation p(x) of f(x) #VEGAS
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Importance Sampling

but... you need to know too much about f(x)!

idea: learn during the run and build a step-function
approximation p(x) of f(x) »VEGAS
ME10A
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Importance Sampling

but... you need to know too much about f(x)!

idea: learn during the run and build a step-function
approximation p(x) of f(x) »VEGAS

ME10A

.

many bins where f(x) is
large

r, — Ax; < x < x4
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Importance Sampling

can be generalized to n dimensions:

p(x)= p(x)*p(y)*P(2). .-
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Importance Sampling

can be generalized to n dimensions:

p(X)= p(X)*p(y)*P(2). .-

but the peaks of f(x) need to be “aligned” to the axis!
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p(x)= p(x)*p(y)*P(2). .-
but the peaks of f(x) need to be “aligned” to the axis!

This is ok...
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p(X)= p(X)*p(y)*P(2). .-
but the peaks of f(x) need to be “aligned” to the axis!
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Importance Sampling

can be generalized to n dimensions:

p(X)= p(X)*p(y)*P(2). .-

but the peaks of f(;(') need to be “aligned” to the axis!

but it is sufficient to make
a change of variables!
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Multi-channel
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Multi-channel

In this case there is no
unique tranformation:
Vegas is bound to fail!
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Multi-channel

In this case there is no
unique tranformation:
Vegas is bound to fail!

Solution: use different transformations= channels

p(x) = Z a;pi () with Z o; = 1
i=1 i=1

with each pi(x) taking care of one “peak’” at the time
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Multi-channel

In this case there is no
unique tranformation:
Vegas is bound to fail!
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Multi-channel

In this case there is no
unique tranformation:
Vegas is bound to fail!

10~

But if you know where the peaks are (=in which variables) we can
use different transformations= channels:

p(x) = Z a;pi () with Z o; = 1
i=1 i=1
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Multi-channel

* Advantages

— The integral does not depend on the . but the variance
does and can be minimised by a careful choice

* Drawbacks
— Need to calculate all gj values for each point

— Each phase space channel must be invertible

— N coupled equations for a; so it might only work for small
number of channels
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Multi-channel

* Advantages

— The integral does not depend on the . but the variance
does and can be minimised by a careful choice

e Drawbacks

— Need to calculate all gj values for each point

— Each phase space channel must be invertible

— N coupled equations for a; so it might only work for small
number of channels

Very popular method!
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Multi-channel based on single diagrams

Consider the integration of an amplitude |M|"2 at treel level which lots
of diagrams contribute to. If there were a basis of functions,

such that:

|. we know how to integrate each one of them,
2. they describe all possible peaks,

then the problem would be solved:

-
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Multi-channel based on single diagrams

Consider the integration of an amplitude |M|"2 at treel level which lots
of diagrams contribute to. If there were a basis of functions,

such that:

|. we know how to integrate each one of them,
2. they describe all possible peaks,

then the problem would be solved:

-

Does such a basis exist?

TAE School, Barcelona 2010 Fabio Maltoni



Multi-channel based on single diagrams*

Key Idea

— Any single diagram is “easy” to integrate

— Divide integration into pieces, based on diagrams
Get N independent integrals

— Errors add in quadrature so no extra cost

— No need to calculate “weight” function from other
channels.

— Can optimize # of points for each one independently
— Parallel in nature

What about interference!?

— Never creates “new’ peaks, so we're OK!

TAE School, Barcelona 2010 Fabio Maltoni



Multi-channel based on single diagrams*

Key Idea

— Any single diagram is “easy” to integrate

— Divide integration into pieces, based on diagrams
Get N independent integrals

— Errors add in quadrature so no extra cost

— No need to calculate “weight” function from other
channels.

— Can optimize # of points for each one independently
— Parallel in nature

What about interference!?

— Never creates “new’ peaks, so we're OK!

*Method used in MadGraph
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Phase Space
n d°p;
R E),

Several methods exist to parametrize the phase space for n final
state particles:

|. Basic recursive approach:

1 2p df)

AP (M) = 8t M 4w

1

~or

T~—

d®,, (M)

(M —p)? ,
/ A2y (M)dD,_, (1)
0

t-channel topologies can be added. Suitable for mapping to general Feynman
diagrams. Used in most of the multipurpose MC’s. [Bycling and Kajante, 1973]
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Exercise: top decay

® FEasy but non-trivial

® Breit-Wigner peak
“flattened :

® Choose the right “channel” for the phase space
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Exercise: top decay

O

after analytic transformation
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Event generation

Alternative way
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Event generation

Alternative way

|. pick x
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Event generation

Alternative way

|. pick x

2. calculate f(x)

0.&
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Event generation
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2. calculate f(x)

3. pick 0<y<fmax

0.&
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Event generation

Alternative way

|. pick x
2. calculate f(x)

3. pick 0<y<fmax

4. Compare:
Wl oz e 9e  we if f(x)>y accept event,
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Event generation

Alternative way

|. pick x
2. calculate f(x)

3. pick 0<y<fmax

4. Compare:
Wl oz e 9e  we if f(x)>y accept event,

else reject it.
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Event generation

Alternative way

|. pick x
2. calculate f(x)

3. pick 0<y<fmax

4. Compare:
Wl oz e 9e  we if f(x)>y accept event,

else reject it.
accepted

= efficiency
total tries
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Event generation

What’s the difference!?

before:

same # of events in areas of
phase space with very
different probabilities:
events must have different
weights
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Event generation

What’s the difference!?

after:

# events is proportional to
the probability of areas of
phase space:

events have all the same
weight ("unweighted”)

Events distributed as in Nature
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Event generation

Improved

|. pick x distributed as p(x)
2. calculate f(x) and p(x)
3. pick O<y<lI

4. Compare:
if f(x)>y p(x) accept event,

else reject it.

much better efficiency!!!
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Event generation
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Event generation

integrator
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Event generation

do
do 4
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Event generation
do

%A

integrator

= @eptance-Re]ectiD
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Event generation

do
‘ MC integrator \

%A

&= @eptance-Re]ectiD

Event generator
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Event generation

do
‘ MC integrator \

%A

&= @eptance-Re]ectiD
do

%A

O]
OO
Event generator I

N

DDDDDDE

O
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Event generation

do
‘ MC integrator \

%A

&= @eptance-Re]ectiD
do

%A

O]
OO
Event generator I

N

I:II:II:II:II:II:IE

= This is possible only if f(x)<oo AND has definite sign! O
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H#1

A MC generator produces “unweighted” events ,

i.e., events distributed as in Nature.
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A MC generator produces “unweighted” events ,

i.e., events distributed as in Nature.
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Monte Carlo Event Generator: definiton

At the most basic level a Monte Carlo event generator is a
program which produces particle physics events with the
same probability as they occur in nature (virtual collider).

In practice it performs a large number of (sometimes very
difficult) integrals and then unweights to give the four
momenta of the particles that interact with the detector
(simulation).

Note that, at least among theorists, the definition of a “Monte Carlo
program” also includes codes which don’t provide a fully exclusive
information on the final state but only cross sections or distributions
at the parton level, even when no unweighting can be performed. | will
refer to these kind of codes as “MC integrators”.

TAE School, Barcelona 2010 Fabio Maltoni



A simple plan

Physics challenges at the LHC
Basics : QCD and MC’s methods
The new generation of MC tools

New simulations for New Physics
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A simple plan

® Physics challenges at the LHC
. Basics : QCD and MC’s methods

~N

® The new generation of MC tools

- oo

® New simulations for New Physics
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LO :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) fj(22)6 (1) — k1koks)
17k

ll. For each one, calculate the amplitude:

A({p}. (B} {ch) = 3" D

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

space (D ~ 3n)
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General structure

SprI’OCS Includes all possible subprocess leading to

a given multi-jet final state automatically

handler or manually (done once for all)

“Automatically” generates a code
to calculate [M|*2 for arbitrary processes
with many partons in the final state.

M=

calculator Most use Feynman diagrams w/ tricks to
reduce the factorial growth, others have
recursive relations to reduce the complexity
to exponential. ©

TAE School, Barcelona 2010

d~d->aauu~g
d~d->aacc~g
s~s->aauu~g
s~s->aacc~g
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X section

parton-level
events

TAE School, Barcelona 2010

General structure

Integrate the matrix element over the
phase space using a multi-channel
technique and using parton-level cuts.

Events are obtained by unweighting.
These are at the parton-level.
Information on particle id, momenta,
spin, color is given in the Les Houches
format.

Fabio Maltoni



Monte Carlo’s and Event
generators for the LHC

Fabio Maltoni

Center for Particle Physics and Phenomenology (CP3)
Universite Catholique de Louvain
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Parton level computation at LO

Q* Q7

y "5 0 2
HE MR

)

1
ox = Z/ dx1dxo fa(iﬁl,lﬁ%*)fb(xz,ﬂ%‘) X (Afab—>X($173727aS(:u2R)
a,b 0

® 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 soon...
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Master QCD formula

Q2 Q?
:“F :“R

>)

Ox — Z/ dCEleEQ fa(xl :LLF)fb(ZZMLLF) X UabﬁX(ajlaajZaaS(ﬂR)

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] + QgO9 + . ..

Leading order

Next-to-leading order

Next-to-next-to-leading order
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Top Production from LO to NLO

t

I BT —

Top produstlon wve 4, ¥5=188TaV Top produstion wa g VE=1dTeV

L, ctegfll, axfM;)=1.130 LD, cteqBll, agfbi)=0.130

NLt, cteqf_m, op{lz)=0.118 HLO, ctogf_m, ax{M)=0.118

1 1 I 1 1 1 1 I I
=00 1 o0 100 200

[ CeY] w[Eev]

L=

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

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 VO = / | Myear|*d®s + / 2Re (MoM?, ) dP, = finite!
R V
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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
and return histograms (calculators)
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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.
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Example: Suppose we use the NLO code for pp — tt
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Virt

Total cross section, O(tt)

Pt of one top quark
Pt of the tt pair
Pt of the jet

tt invariant mass, m(tt)

AD(tt)
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H#4

A calculations/code at NLO for a process provides NLO
predictions for any IR safe observable.
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NLO MC’s integrators: summary
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NLO MC’s integrators: summary

® (Codes that compute IR-safe quantities (cross sections, jet
rates, ...) at the parton level, at NLO and NNLO.
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NLO MC’s integrators: summary

® (Codes that compute IR-safe quantities (cross sections, jet
rates, ...) at the parton level, at NLO and NNLO.

® These are NOT event generators!!
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NLO MC’s integrators: summary

® (Codes that compute IR-safe quantities (cross sections, jet
rates, ...) at the parton level, at NLO and NNLO.

® These are NOT event generators!!

® Dedicated codes or families of codes available.
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Example:MCFM

Downloadable general purpose NLO code (Campbell & Ellis)

pp— W=/Z p— WT + W
pp—W=+Z pp— 4+ 4

pp — W=+~ pp— W*/Z + H

pp — W= +g* (— E}E_:i) pp — Zbb

pp — W=/Z + 1 jet pp — WE/Z + 2 jets
pp(gg) — H pp(gg) — H + 1 jet

pp(VV) — H + 2 jets pp— t+q
pp— H + 0 pp— Z + b

== Plus all single-top channels,W¢c,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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NLO MC’s integrators: summary

Codes that compute IR-safe quantities (cross sections, jet
rates, ...) at the parton level, at NLO and NNLO.

These are NOT event generators!!
Dedicated codes or families of codes available.

Automatization in sight.
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3. Hadronization
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. High-Q2 Scattering 2. Parton Shower

3. Hadronization 4. Underlying Event
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. High-Q2 Scattering 2. Parton Shower

== where new physics lies
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= process dependent
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&

. High-Q2 Scattering 2. Parton Shower

== where new physics lies

: =il
< ---',.- o~ h .
o
= = B

= process dependent

= first principles description
= it can be systematically improved

3. Hadronization 4. Underlying Event
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= low Q2 physics
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= model dependent
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|. High-Q Scattering 2. Parton Shower

= low Q2 physics
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|. High-Q Scattering 2. Parton Shower

= low Q2 physics

= energy and process dependent

3. Hadronization 4. Underlying Event
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|. High-Q Scattering 2. Parton Shower

= low Q2 physics
= energy and process dependent

= model dependent

3. Hadronization ' 4. Underlying Event
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Parton Shower MC event generators

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

1 1
(pg +pg)? 2E,E,(1 —cosb)

Collinear factorization:

dt o
(Myi1|2d®, 1 ~ |M,|>d®, t 2; P(2)dzd¢

|.Allows for a parton shower (Markov process) evolution

2. The evolution resums the dominant leading-log contributions

3. By adding angular ordering the main quantum (interference)
effects are also included
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Parton Shower MC event generators

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

1 1
(pg +pg)? 2E,E4(1 — cosf)

Both soft and collinear divergences: very different nature!

Collinear factorization:

dt o
(Myi1|2d®, 1 ~ |M,|>d®, t 2; P(2)dzd¢

|.Allows for a parton shower (Markov process) evolution

2. The evolution resums the dominant leading-log contributions

3. By adding angular ordering the main quantum (interference)
effects are also included
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Parton branching

The spin averaged (unregulated) splitting functions for the various
types of branching are:

ﬁzq(ﬁ)

-ﬁbq(g)

ﬁgg(ﬁ)

-ﬁgg(g)

Comments:

* Gluons radiate the most

*There soft divergences in z=1 and z=0.
* Pqg has no soft divergences.
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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
2 IN Q3

' Denote by

¢, |E, ()

the ensemble of parton cascac]es initiated by a parton a of energy
E and emerging from a hard process with scale Q? (Generating
functional). Also, define

A(Q1, @3)

as the probability that a does not branch for virtualities Q< > ¢t > Q3
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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:

. [B,Q%] = Au(Q%Q3)Pu[E, Q7]
Q*
+ fﬂ dt Z/df—ﬁm VPy |z B, tD|(1 — 2)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:

V4
@@+ [ FA@A

0

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

AL (Q% Q7) exp( /Q dthdz—Pba )

Proof:

A )
() = |U‘fﬂ‘ ——_""\. H}‘ 25 ) -
n‘r{J‘ * U*

and impose the initial condition
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#3

The “Sudakov form factor” directly quantifies how likely is for a
parton to undergo branching.
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#3

The “Sudakov form factor” directly quantifies how likely is for a
parton to undergo branching.
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Evolution equation and Sudakov

Note that we can define the following quantities with mass squared
dimensions

2(1 — 2)9*E?

and obtain 192

62

This fact has an important consequence: the evolution parameter of the
shower is not uniquely defined. This is because the scales chosen above
have all the same angular behaviour, provided that z is not too close to 0
or |.

Differences stem from the SOFT region.
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Angular ordering

ﬁ,j ,) d3k -[)]l —\/ d3k
k;a dOg — E |Asoﬂ 37]('0 El pk) pk g 28}48 73{)37]{0

o Cr a’ko do 1 —cos6;;

dcosB
nt kO 27 (1 —cosBy)(1—cosBj) o8

= doy

You can easily prove that:

£
"

Radiation happens only for angles smaller than the color
connected (antenna) opening angle!




#2

MC'’s are based on a classical approximation (Markov
Chain), QM effects are not properly described.

Quantum effects are included:

|. Exactly in the hard scattering matrix element.
2.Approximately by the angular-ordering of the shower
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MC'’s are based on a classical approximation (Markov
Chain), QM effects are not properly described.

Quantum effects are included:

|. Exactly in the hard scattering matrix element.
2.Approximately by the angular-ordering of the shower
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Angular ordering

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

In fact one can generalize the treatment before to a
generic parton of color charge Qu splitting into two
partons i and j , Qw=Qi*+Qj. 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 Qi

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

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.

T T L | 1 i I
) =35CeV

—_— =91.2CeV 7
—_— ) = 188 GeV

— )= 10 Gy
Colour-singlet

cluster mass
distribution

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: PY THIA, HERWIG, 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

Physics challenges at the LHC
Basics : QCD and MC’s methods
The new generation of MC tools

New simulations for New Physics
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A simple plan

® Physics challenges at the LHC
® Basics : QCD and MC’s methods

~N

® The new generation of MC tools
——————
® New simulations for New Physics
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How we (used to) make predictions!?

First way:

® For low multiplicity include higher order terms in our fixed-

order calculations (LO—=NLO—NNLO...)
= Oub—X = 0o + 0tg0oq —|—Oé%0'2 + ...

® 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 = | 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.

TAE School, Barcelona 2010
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[Mangano]

[Catani, Krauss, Kuhn,Webber]
[Frixione, Nason,Webber]

MI= Shower MC

4 4

|. parton-level description

|. hadron-level description

2. fixed order calculation 2. resums large logs

3. quantum interference exact 3. quantum interference

4. valid when partons are hard and through angular ordering
well separated 4.valid when partons are

collinear and/or soft

5. needed for multi-jet description 5. nedeed for realistic studies

Difficulty: avoid double counting
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[Mangano]

[Catani, Krauss, Kuhn,Webber]
[Frixione, Nason,Webber]

MI= Shower MC

4 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

5 4 collinear and/or soft
5. needed for multi-jet description 5 nedeed for realistic studies

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]

__wz SHERPA]
K =16 —zon :
La2jat

L3 jat

= CDF

I

I

|

|

1\|]“a i

nm

|||||||| ||||||||||||||||||||||||

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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The MLM matching algorithm

Generate events with the ME, using hard partonic
cut, e.g., pr>ptmin, AR; > ARmn, (Alpgen) or with a
kT algorithm (MadEvent).

Reweight the event to optimize scale choices.

Shower the event and jet-cluster it (with the same
algorithm).

Require the original partons to be one-to-one
associated to the jets.
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Jet rates are smooth at the cutoff scale
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Sanity checks: differential jet rates

— 3um
+ tt + O-jet sampl
" tt+ 1-)et sampl
© tt+ 2-jet sampl
Taadbdaa, . ® 1+ 3-jet sampl

— Cutoff at 20 Ge
B Cutoff at 50 Ge

MNormalized scale

1

BRI 2 v T R PR R B SR B A
1.5 2 2.0 3 : 1 1.5 2 2.0 3

Differential Jet Rate 2— 1 Differential Jet Rate 2— 1

Jet rates are independent of the cutoff scale
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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:

@)

102 A

A

W py
pow r

-3
10 MS

0 100 150 200

LA

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

N

[MadGraph]
5(

/ 0
GeV

log terms to make up for it is not a good idea = mess up other regions/shapes, process dependence.
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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+0,1,2,3 partons + Pythia K+MLM

do/dP; (pb/bin
=

P, of the 2-nd extra jet

® Q° (wimpy)

O Q? (power)
107 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

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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DO

Ma* = 180 GeV (xB000)

O 130 < p™* < 180 GeV (x400)
® 100 < p7* <130 GeV (x2

O 75<pf* <100 GeV

.* === PYTHIA (default)

= ALPGEN (+ PYTHIA)

n
Ad ger (rad)
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DO

o pl'*¥ =180 GeV (x8000)

0 130 < pT™ <180 GeV (x400)
m 100 <pT* <130 GeV (x20

O 75<p?™* <100 GeV

weie NLO

—— SHERPA
-=== HERWIG

Illlll'r_ T Illlll'l.'_"l‘.ll rJIIl T TTI II|

T

AQ g (rad)
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CENTRO DE CIENCIAS
DE
PEDRO PASCUAL

PS alone vs matched samples : Z+jets at DO

| dala wistah asrar

3

Mr. of Events

Pyihica range slal & sys

D0 Runll Preliminary i ;"i:j:;::lﬁ"“
¥ r
]

SRS

300 350
P, 1 jet [GeV]

10t

-
=

174
§
W qg
°
>

dala wiskat amar
D0 Runll Preliminary i "Pj::'"r’::;::lﬁe'm'
I Pyhia range slal & sys

H:ITHTI'I |||I1T1 |||r1

120 140 160 180

p, 2" jet [GeV]

=

Mr. of Events
=

D0 Runll Preliminary

T

40 60 80 100 120

P, 3" jet [GeV]

PS alone (Pythia)
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Nr. of Events
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W+jets at CDF

(W—ev) + = n jets CDF Run Il Preliminary
T | T T T T | T T T T | T T T T | T T T T | T T ]
et % CDF Data f dL = 320 pb”

W kin: ES=20[GeV]; Il < 1.1
2djet MY > 20[GeV/c’]; E} = 30[GeV]

Jets: JetClu R=0.4; Inl<2.0
hadron level; no UE correction

—f LO Alpgen + PYTHIA

Total o normalized to Data

® CDF Il /MLM MLM uncertainty
m CDF Il /SMPR SMPR uncertainty
& CDF I/ MCFEM

. b

; .
i‘-.'-.'-.'-.'-.i'\'-_'-_'-_'-_}é""""" R SRR

MCFM PDF uncertainty

MCFM Scale uncertainty

CDF Il

MCFM '
MLM - +£ +§+
SMPR

)
c
S
el

%}J}

4

LAlgA

1 1 | 1 1 1 1 | 1 1 1 1 1 L L L
100 150 200 2

3 4
Jet Transverse Energy (E'T"i") [GeV] Inclusive Jet Multiplicity (n)

*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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To remember about the ME-PS matching
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To remember about the ME-PS matching

® The matching (a la CKKW) has been rigorously proved in ete-
collisions and it is believed to be true also in pp collisions. The
MLM matching is problematic in ete- and just a prescription in
pPp, Where, however, seem to work really well.
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® The matching (a la CKKW) has been rigorously proved in ete-
collisions and it is believed to be true also in pp collisions. The
MLM matching is problematic in ete- and just a prescription in
pp, Where, however, seem to work really well.

It provides an algorithm to generate multi-jet inclusive samples,
that are accurate in all the areas of the phase space avoiding
double-counting.
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MLM matching is problematic in ete- and just a prescription in
pp, Where, however, seem to work really well.

It provides an algorithm to generate multi-jet inclusive samples,
that are accurate in all the areas of the phase space avoiding
double-counting.

Since no exact virtual contribution is included the normalization

of the cross section is uncertain and it has to be obtained from a
NLO calculation.
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To remember about the ME-PS matching

The matching (a la CKKW) has been rigorously proved in ete-
collisions and it is believed to be true also in pp collisions. The
MLM matching is problematic in ete- and just a prescription in
pp, Where, however, seem to work really well.

It provides an algorithm to generate multi-jet inclusive samples,
that are accurate in all the areas of the phase space avoiding
double-counting.

Since no exact virtual contribution is included the normalization
of the cross section is uncertain and it has to be obtained from a
NLO calculation.

On the other hand, shapes (and often even normalizations) are
(so far) in very good agreement with NLO.
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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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Tevatron tt production

—
-
L
[
"“"-.
L
c
e
z
B
-

POWHEG j Tevatron tt production

NLO POWHEG

i rrruf'j NLO

10l 10~ 3 10-2 10-1
Plir (GeV) (T—tbie)

* 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)— TT) 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.

TAE School, Barcelona 2010 Fabio Maltoni



A look into the future
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A look into the future

Leading Order :

* fully automatized + matching algorithms
* Continuously improved : new ideas for showers, better hadronization/

underlying events), better matrix element generators, new matching

schemes.
* Several fully working frameworks available.

TAE School, Barcelona 2010 Fabio Maltoni



A look into the future

Leading Order :

* fully automatized + matching algorithms
* Continuously improved : new ideas for showers, better hadronization/

underlying events), better matrix element generators, new matching

schemes.
* Several fully working frameworks available.

Basics covered, room for improvement

TAE School, Barcelona 2010 Fabio Maltoni



A look into the future

Leading Order :

* fully automatized + matching algorithms
* Continuously improved : new ideas for showers, better hadronization/

underlying events), better matrix element generators, new matching

schemes.
* Several fully working frameworks available.

Basics covered, room for improvement

Next-to-leading Order :

* Automatic generation of reals + counterterms available

* General framework for interfacing to the shower (POWHEG)

* Impressive results in automatic |-loop computations
[BlackHat, Rocket, Cuttools]
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A look into the future

Leading Order :

* fully automatized + matching algorithms
* Continuously improved : new ideas for showers, better hadronization/

underlying events), better matrix element generators, new matching

schemes.
* Several fully working frameworks available.

Basics covered, room for improvement

Next-to-leading Order :

* Automatic generation of reals + counterterms available

* General framework for interfacing to the shower (POWHEG)

* Impressive results in automatic |-loop computations
[BlackHat, Rocket, Cuttools]

Fully automatized NLOWPS in sight
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Tools

New generation of integrated/interfaced tools:

*Example I:
SHERPA, Matrix Element generator + PS with CKKW

*Example Il
AlpGen + Pythia or Herwig, ME + PS with MLM
MadGraph + Pythia or Herwig, ME + PS with MLM (or CKKW)

*Example lll :

MC@NLO, NLO + HERWIG with Frixione-Webber method.
POWHEG tools, NLO + PS with Nason et al. method (POWHEGQG).
HERWIG++, NLO + new HERWIG with POWHEG method.

More tools/techniques for merging under continuous development:
VINCIA, GENEVA, Dipole Showers, CKKW-NLO
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H5

Tree-level based MC’s are less accurate
than those at NLO.
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H5

Tree-level based MC’s are less accurate
than those at NLO.
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Again, it depends on the observable. A NLO code can only
provide some observable at NLO, and in particular not those with extra-jets.

Example : t tbar in NLOWPS vs t tbar + jets matched.

Overall normalization : better t tbar at NLO
pt of the first jet : the same accuracy
pt of the 2nd jet  :better the t tbar matched sample

So, if | am considering ttbar as a signal, most probably NLOwPS is the best tool.

While if | am considering ttbar as a background to SUSY or to tt h with
h->b bbar, the matched sample is a better approximation.

TAE School, Barcelona 2010 Fabio Maltoni



Status : SM

pp— n particles
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Status : SM

pp— n particles

3 45678910
complexity [n]
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Status : SM

— n particles
accuracy, PP P

[loops]

JJJ_Z

1 0

3 45678910
complexity [n]
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Status : SM

— n particles
aCCU I"aC)’A PP P fully inclusive

[IOOPS] parton-level

fully exclusive

JJJ_Z

1 0

3 45678910
complexity [n]
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&
Status : SM

— n particles
aCCU I"aC)’A PP P fully inclusive

[IOOPS] parton-level

fully exclusive

JJJ_Z

‘ ‘ I Tree-level:
: .Any process 2—n available
. Many algorithms

. Completely automatized
. Matching with the PS at NLL

T O © O 0 000000

| 2 3 45678910
complexity [n]
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&
Status : SM

— n particles
aCCU I"aC)’A PP P fully inclusive

[IOOPS] parton-level

fully exclusive

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

.General algorithms for divergences cancellation

Automatization in sight
Matching with the PS in MC@NLO e POWHEG

‘ ‘ @ Q Q - ' Tree-level:
: .Any process 2—n available

. Many algorithms
. Completely automatized
. Matching with the PS at NLL

2 3 45678910
complexity [n]

Fabio Maltoni

TAE School, Barcelona 2010



&
Status : SM

— n particles
aCCU I"&C)’A PP P fully inclusive

[I ole PS] Two-loop: parton-level

. Limited number of 2— | processes

.No general algorithm for divs cancellation
. Completely manual

. No matching known

JJJ_ ) O O ‘Ioop:

.Large number of processes known up to 2—3
.General algorithms for divergences cancellation

Automatization in sight
.Matching with the PS in MC@NLO e POWHEG

] @ @ O OO e
: .Any process 2—n available

. Many algorithms

. Completely automatized
. Matching with the PS at NLL

fully exclusive

3 45678910
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A simple plan

® Physics challenges at the LHC
® Basics : QCD and MC’s methods

® The new generation of MC tools
(" )

® New simulations for New Physics
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What about BSM?

Two main (related) issues:

|. A plethora of BSM proposals exist to be compared with data. It will be
essential to have an efficient, validated MC framework for theorists to
communicate with experimentalits their idea (and viceversa).

2. Once models are available in multipurpose MC’s, new detailed studies
are possible that allow to bring to the BSM signatures the same level
of sophistication achieved for the SM.
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BSM @ LHC : present

[Alwall, de Visscher, FM, 2009]

- SM backgrounds (matched)

- SUSY signal (unmatched)

El SUSY signal (matched)

— SUSY default ¢

do /dH_ (pb/bin)

—

R

[ i IR BT RN S AN BT S I N ‘_;
600 800 1000 1200 1400 1600 1800 2000
HT=PT(]2)+PT(]3)+PT04)+MET (GeV)

Both signal and background matched!

Sizable reduction of the uncertainties. Overall picture unchanged for SPS|a.
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Gravitons

[K. Hagiwara, ]. Kanzaki, Q. Li and K. Mawatari, 2009]
[P. de Aquino, K. Hagiwara, Q. Li, E M. ]

® Fixed mass gravitons (RS and also mG=0)

® ADD gravitons also available : challenging due peculiar “propagator” : this is automatically
handled in MG now.

g
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Cees
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=

Ln
":‘1._.'| TTTTI]

Z73

—
1
1
1

05 1 15 2 ~sg g Hl
Log|(Differential Jet Rate 3 — 2) H (4 jets) with P_>50

Works out of the box..
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accuracy,
[loops]

JJJ_Z

&
BSM : status and‘outlook\

pp— n particles

fully inclusive

parton-level

fully exclusive

NLO:

+ SM
‘ .2—1(SM) and 22
. Fully inclusive (“K factors only”)

. Completely manual
@
J
N N

o

NLO
.Automatization in sight

Tree-level:

.Any process 2—n + i sm
. Feynman-diagram based
. Completely automatized

F- - - +Double -counting
: : Merging ME&PS NEW!
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A Roadmap (with roadblocks) for BSM @ the LHC
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A Roadmap (with roadblocks) for BSM @ the LHC
TH PHENO

}

Aut. Feyn. Rules

Any amplitude

Any x-sec

partonic events

Pythia/HERWIG
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A Roadmap (with roadblocks) for BSM @ the LHC

® Workload is tripled!

® | ong delays due to localized expertises and error
prone. Painful validations are necessary at each
step.

It leads to a proliferation of private MC tools/
sample productions impossible to maintain,
document and reproduce on the mid- and long-
term.

® Just publications is a very inefficient way of
communicating between TH/PHENO/EXEP.
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A Roadmap (with roadblocks) for BSM @ the LHC
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A Roadmap for BSM @ the LHC
EXP

TH
[t
| Lgrangan_
[ FernRules
[ME Generator
| Sl i |
| B
[PrevarHERw|

_-=
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A Roadmap for BSM @ the LHC

EXP

One path for all

Physics and software validations streamlined
Robust and efficient Th/Exp communication
It works top-down and bottom-up
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A Roadmap for BSM @ the LHC

Complete automatization for tree-level based
calculations available, including merging with
the parton shower in multi-jet final states, for
SM as well as for BSM physics. Automatization
of NLO is very promising now...
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One path for all

Physics and software validations streamlined
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A working implementation
[Christensen, et al.2009]

Model-file | [

Particles, parameters, ... J L

Lagrangian J

4 )

FeynRules

([ Tex )

TH apps : loops, DM
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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.
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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, flexible and robust BSM simulation chain being
completed. Same level of sophistication as SM processes attained and
both top-down and bottom-up approaches included.

Automation of NLO and MC@NLO/POWHEG in sight.

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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