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OUTLINE

+ WHAT ROLE DO SIMULATIONS PLAY

¢+ THE NEED FOR ACCURACY AND HOW TO GET IT

+ TYPICAL SIMULATION WORKFLOW

+ STATE-OF-THE ART TOOLS AND PROSPECTS
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SIMULATION FOR DISCOVERY?
THE HIGGS CASE
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SIMULATION FOR DISCOVERY?
THE HIGGS CASE
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SIMULATION FOR DISCOVERY?
THE HIGGS CASE
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SIMULATION FOR DISCOVERY?
THE HIGGS CASE

PEAK SHAPE RATE
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SIMULATION FOR PDF

Experimental data sets

used for fitting CTEQ10 NNLO

® Parton distribution functions are physical
observables crucial for any hadron collider

Experimental data set N CTI10ONNLO|CT10W Programme

Combined HERA1 NC and CC DIS [60] 1.07 1.17

BCDMS F} [61 1.16 1.14 : . . . .
BODMS F¥ 62 S == Obtained via a ﬁttmg procedure to existing

NMC F7' [63] 1.66 1.71 . + . .
G RTE 1. L data sets (especially e* p deep 1nelastic

CDHSW F7 [64] 0.83 0.66 COHiSiOIlS)
CDHSW FY [64] 0.81 0.75
CCFR F; [65) 0.98 1.02
CCFR zF; [66) 0.40 0.59
NuTeV neutrino dimuon SIDIS [67] 0.78 0.94
NuTeV antineutrino dimuon SIDIS [67) 0.86 0.91
CCFR neutrino dimuon SIDIS [68] 1.20 1.25
CCFR antineutrino dimuon SIDIS [68) 0.70 0.78
H1 F5 [69 1.17 1.26
HI 052 f[or]o(: [70, 71] 1.63 1.54 MSTW 2008 NLO PDFs (68% C.L.)
ZEUS F5 [72] 0.74 0.90 —rrr—r—rrrm —1.2
ZEUS F; (73] 0.62 0.76 1o
E605 Drell-Yan process, o(pA) [74] 0.80 0.81 Q2 =10 Gev2 x |
E866 Drell Yan process, o(pd) /(20(pp)) [75] 0.65 0.64 N f 1
E866 Drell-Yan process, o(pp) [76] 1.27 1.21 !
CDF Run-1 W charge asymmetry [77) 1.22 1.24 1 i
CDF Run-2 W charge asymmetry [78] 1.4 1.02 . 0.0_
D® Run-2 W -» e, charge asymmetry (79| 217 2.11 “ -
D® Run-2 W. — v, charge asymmetry [80] 1.65 1.49 ¥ \ ] 0.6-
D® Run-2 Z rapidity distribution [81] 0.56 0.54 1 I
CDF Run-2 Z rapidity distribution [82] 1.60 1.44 I ) i
CDF Run-2 inclusive jet production [83] 1.42 1.55 ' 04
D® Run-2 inclusive jet production [84] 110 |1.4 1.13 v i
Total: 2641/1.11 1.13

arXiv:1309.0025 [hep-ph]

Simulation of all the experiments considered

1s indispensable for extracting these PDF
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http://arxiv.org/abs/arXiv:1309.0025
http://arxiv.org/abs/arXiv:1309.0025

MOTIVATION: SUMMARY

® Accurate and experimental friendly predictions for collider physics range from
being very useful to strictly necessary.

® SM measurements and exclusions are particularly sensitive to the accuracy of the

simulations

® New physics searches require predictions for both background and signal.
SM and BSM simulations must be treated the same footing.

® Experimental analysis always involve a mixture of predictions and postdictions,
and confidence in the findings rely on Monte-Carlo simulations. (i.e. PDF's)
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— ATLAS Total uncertainty
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... BUT IT HAS GOOD ASPECTS TOO!

(AT LEAST FOR SOME MC DEVELOPERS)

Optimism: New Physics could be hiding there already, just need to dig it out.

Democratization: No evidence of most beaten BSM proposals, means more and
more room for diversification. Possibility for small teams to make a big discovery.

Ingenuity/Creativity: From new signatures to smart and new analysis techniques

(MVA), and combination with non-collider searches (DM, Flavor...).

BSM flexibility: We need MC that are able to predict the pheno of the Unexpected.

Mass distribution: MC’s in the hands of every th/exp might turn out to be the best
overall strategy for discovering the Unexpected.
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WE NEED ACCURATE AND FLEXIBLE SIMULATIONS,
FINE, BUT HOW DO YOU GET FROM

[ Theory |

TO [Exp. dataj ?
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THE MASTER FORMULA

/dxldajZd(I)FS fa(xla ,UF)fb(.ﬁUQ, :U'F) 5-ab—>X(§7 UE, ,UR)

Phase-space Parton density Parton-level cross

a,b

integral functions section
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FIXED ORDER PERTURBATIVE EXPANSION

O b X (§, We, W R) Parton-level cross section

* The parton-level cross section can be computed as a series in perturbation

theory, using the coupling constant as an expansion parameter

~ __ _Born , (1) ( ) (2) ( ) (3)
1 4
7 ( 27’(’ " 2T " 2T i >
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FIXED ORDER PERTURBATIVE EXPANSION

O b X (§, We, W R) Parton-level cross section

* The parton-level cross section can be computed as a series in perturbation
theory, using the coupling constant as an expansion parameter

Born | q +(1) ( ) (2) ( ) (3)
14
( 27T " 2T " 2T i >

\

predictions
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FIXED ORDER PERTURBATIVE EXPANSION

O b X (§, UE, ,UR) Parton-level cross section

* The parton-level cross section can be computed as a series in perturbation
theory, using the coupling constant as an expansion parameter

Born | q (1) ( ) (2) ( ) (3)
14
( 27’('/\ " 2T " 2T i >

™ e D
NLO

predlctlonsj \corrections
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FIXED ORDER PERTURBATIVE EXPANSION

O b X (§, UE, ,UR) Parton-level cross section

* The parton-level cross section can be computed as a series in perturbation
theory, using the coupling constant as an expansion parameter

Born (1 | (1) 4 ( ) (2) i ( ) (3) + . >
2# 27T 27
A A

D e N (O A
NLO NNLO

predictions corrections corrections
) \ J -
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FIXED ORDER PERTURBATIVE EXPANSION

O b X (§, UE, ,UR) Parton-level cross section

* The parton-level cross section can be computed as a series in perturbation

theory, using the coupling constant as an expansion parameter

\

predictions
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FIXED ORDER PERTURBATIVE EXPANSION

O b X (§, UE, ,UR) Parton-level cross section

* The parton-level cross section can be computed as a series in perturbation
theory, using the coupling constant as an expansion parameter

Born | q (1) ( ) (2) ( ) (3)
14
( 27’('/\ t 27T T 27T T >

A A

) 4 ) 4 ) 4 )
NLO NNLO NNNLO

predictions corrections corrections corrections
J J - J \

m» Theoretical uncertainty systematically decreases
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FIXED ORDER PERTURBATIVE EXPANSION

O b X (§, UE, ,uR) Parton-level cross section

* The parton-level cross section can be computed as a series in perturbation
theory, using the coupling constant as an expansion parameter

Born | q (1) ( ) (2) ( ) (3)
14
( 277/\ " 2T " 2T i )

. A A

NNNLO

[

\

predictions)

NLO

kcorrections

\

p
NNLO

-

\

kcorrections

corrections

m» Theoretical uncertainty systematically decreases

= [ixed-order predictions is what for ex. MCFM provides; it does

not generate events, so only quite inclusive comparison with data.
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FIXED ORDER PERTURBATIVE EXPANSION

O b X (§, UE, ,uR) Parton-level cross section

* The parton-level cross section can be computed as a series in perturbation
theory, using the coupling constant as an expansion parameter

Bom(l I 27T (1)+(27T) (2)+(27T) (3)—|— )
A A

A

\

[

\

predictionsj

NLO

\corrections

\

p
NNLO

(

o\

\corrections

NNNLO

\corrections

m» Theoretical uncertainty systematically decreases

= [ixed-order predictions is what for ex. MCFM provides; it does

not generate events, so only quite inclusive comparison with data.

m [‘inal description in fixed-order predictions is in terms of partons,
so not directly usetul for comparison with data
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Fixed-order NILO contributions have two parts
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Fixed-order NLLO contributions have two parts

ONLO _ / d DoV L

Virtual part

Monday, May 5, 14



Fixed-order NLLO contributions have two parts

O'NLO _ / d(d)O_V_I_ / d(d)O_R_|_
m m-+1

Virtual part Real emission part

Monday, May 5, 14



Fixed-order NLLO contributions have two parts

-NLO _ / d DoV 1 / 4D R / J4) ;B
m m-+1 m

Virtual part Real emission part Born
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Fixed-order NLLO contributions have two parts

-NLO _ / d DoV 1 / 4D R / J4) ;B
m m-+1 m

Virtual part Real emission part Born

* One-Loop used to be the most challenging part, no longer!
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Fixed-order NLLO contributions have two parts

ONLO _ / d DoV 1 / al(d)URJr / J4) ;B
m m—1 m

Virtual part Real emission part Born

* One-Loop used to be the most challenging part, no longer!

e Virtuals and reals are separately divergent; sophisticated subtraction
techniques necessary to regulate them (Dipoles, FKS)
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COMPUTING NLO

Accuracy

[final state legs]
>

4567 8 910
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BEYOND FIXED ORDER

Jet 1n a hixed-order NLO simulation:
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BEYOND FIXED ORDER

Jet 1n a fixed-order NLO simulation: Af\

"Real” jet

| CATLAS

' JLEXPERIMENT
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BEYOND FIXED ORDER

Jet 1n a fixed-order NLO simulation: Af\

"Real” jet

| CATLAS

' JLEXPERIMENT

Monday, May 5, 14



BEYOND FIXED ORDER

Hard region correctly described
by fixed order simulations.

Fixed-order computations give us only part of the picture:
What about the soft regions? == Parton Shower Monte Carlo

Monday, May 5, 14



PARTON SHOWER MONTE-CARLO

® Soft physics describing the radiation of the partons emitted in the hard region of
the interaction can be simulated by Parton Shower Monte-Carlo (PSMC)

e hard scattering

e (QED) inmtial/final
state radiation
partonic decays, e.g.
t — bW
parton shower
evolution
nonperturbative
gluon splitting
colour singlets
colourless clusters

cluster fission
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PARTON SHOWER MONTE-CARLO

® Soft physics describing the radiation of the partons emitted in the hard region of
the interaction can be simulated by Parton Shower Monte-Carlo (PSMC)

hard scattering ke

QED) init fin MS
o =

partonic decays, e.g. L

t — bW a \
parton shower kb — Zka + kT + 5b'f7/ k?b

evolution
ke = (1 — 2)ko — kp + Befd

nonperturbative

| Jite
}Ilr' SRHLLINE

-

colour singlets

dotB) ~ K R do® (k,)

cluster fission

(= g2 [ k2 [y d=Cp it 1)

27 1—z2 k%

® Start from a 2—1 or 2-2 hard process and quasi-classically splits partons with

probabilities given by the limiting behavior of QCD 1in the soft and/or collinear
regime. Finally hadronize the many partons using a semi-empirical model.
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PARTON SHOWER MONTE-CARLO

® Soft physics describing the radiation of the partons emitted in the hard region of
the interaction can be simulated by Parton Shower Monte-Carlo (PSMC)

hard scattering fgggggS
| . | >»

partonic decays, e.g. L

t — bW a \

parton shower kb — Zka + kT + 5b'ﬁ k?b

evolution

ke = (1 — 2)ko — kp + Bt

nonperturbative

luon sphitting

r > |

colour singlets

colourless clusters dg(17R) ~ IC ® dO'(O) (ka)

cluster fission

(=g [ i} fy doCpie L)

® Start from a 2—1 or 2-2 hard process and quasi-classically splits partons with
probabilities given by the limiting behavior of QCD 1in the soft and/or collinear
regime. Finally hadronize the many partons using a semi-empirical model.

® The final products are hadrons which are physical observable. Fully exclusive
predictions can then be compared to data.
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ME WITH PSMC

MATRIX ELEMENTS PARTON SHOWER
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ME WITH PSMC

MATRIX ELEMENTS PARTON SHOWER

COMPLEMENTARY APPROACHES: ‘“MERGE” THEM!
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MERGING ME WITH PSMC

PSMC
—_—
>vxww Wc va
B)
ME AWC %

: 1 s 3
- 1 M n -
= .‘ ‘ 4
D» 1 -" ! -
o' ¥ ol -
Wl ol
i }
1Y) ;

fL( 1

0 20 40 60 80 100 120 140 160 180 200
P,/ GeV

Double counting of configurations which can be obtained in different ways (i.e. A and B
for ex.) 1s avoided by using matching algorithms (CKKW, ML, ...) selecting only one
possibility depending on the event kinematic and a merging scale pg. The exclusive
samples can the be added together into an inclusive one. Distribution is accurate, but rate

1s still LO.
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MATCHING ME WITH PSMC AT NLO

* At NLO one faces even more severe double-counting issues:

Parton shower

-

Born+Virtual: >WW zv"" 2\/‘/‘/ e
- oAt

Real emission: 2'/\/\/\/ ZV\N

* And also part of the wvirtual contribution 1s double counted

through the definition of the Sudakov factor A
MCA@NLO POWHEG
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MATCHING MEETS MERGING




MATCHING MEETS MERGING




MATCHING MEETS MERGING

PSMC

NLO ME of different final state multiplicies interfaced to PSMC. In this

case, both of the double counting issues presented before must be

addressed together. ( A vs B and B vs C)
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MATCHING MEETS MERGING

PSMC

>\MA/V E>wvw >\AANV
‘.;"-"'4":] - 'f.fi“"; )
A) a

Born+Virtual: >’\/\M %\M 2/\/\
Real emission: CX/A/\/\, :2:/\”\

NLO ME of different final state multiplicies interfaced to PSMC. In this
case, both of the double counting 1ssues presented before must be

addressed together. ( A vs B and B vs C)

Two main solutions implemented:

FxFx in aMC@NLO
MEPS@NLO in Sherpa

Same philosophy and very similar performances
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MATCHING MEETS MERGING

e e
pp » H @ LHC 8 TeV in pb/bin -
$4q=50 GeV —— N=1 -

----- i=0
-------- i=1

aMC@NLO !
A L A e l ' L :.:

JE—g—

rRati.g. over N=1:

L o
beososcsoseoad
L .

E Ratio over N=1:

e ] |

- Alpgen x 15 (ug=30 GeV)
40 60 80 100 120
FxFx; [S.Frixione, R.Frederix]; arXiv:1209.6215 p'l‘(.]l) [GeV]

NILO reduces merging scale uncertainties
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MATCHING MEETS MERGING

R e e S AL S
pp - H @ LHC 8 TeV in pb/bin
Hq=50 GeV —— N=1

----- i=0
-------- i=1

R T
pp - H @ LHC 8 TeV in pb/bin

pq=50 GeV —— N=1
----- i=0
-------- i=1

- L
.

=
. L

i |

i i A d a1

2.0

1.0

0.7F

?'2 H-. T T 1 ?‘2 ? T : : ' : ' :
it ARSI e 1 | Ratio over N=L: =30 GeV -~~~ pue=70 GeV

. M F\'-"'. [ -,;'-‘ o ,dﬁl-‘__"'.‘- of . 3 ]

L - s . \
1 0 L L - l O
- 4 -.,___ . - - - .‘, 0 1) .

0.8

=

0.7 .._..:

-

14, |n [N

L 4

H—ls:.ﬁ_-.s' qqqqq v ——\.---q-¢----.'-‘--19_.---_-_q,-_.—.",’_-h\‘__,:_‘,."l&o‘a(
- - i - - - ” - -

- Apgen x 15 (uq=30 Gey) | 08 - Alpgen x 1.5 (11q=30 GeV)
60 80 100 120 140 1860 -2 -1 0 1 2
pr(H) [GeV]

FxFx; [S.Frixione, R.Frederix]; arXiv:1209.6215

Transition across descriptions of different multiplicities not
necessarily sharp.
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MATCHING MEETS MERGING
A A AR pp —> W'+ nj

—eo— ATLAS data
— MEePs@NLo

=== MPS@NLO /2. 20 MEPS@NLO:
MENLOPS u/2...2u - Il={0,1,2} : NLO ME
n={3,4} : LO ME

n>4 : PSMC

MEnloPS:
n=0: NLO ME
n={1-+4}: LO ME
n>4 : PSMC

.;S}H?R%P'\;l:l'f(%“;“%l% ——— s’ MC@NLO:
W4 > 2jets n:O . NLO ME
n>0 : PSMC

1 11
T|T11T|TYTT|TTT
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[M. Schénherr, S. Héche, F.Kraus, F.Siegert]; pLlGeV]
arXiv:1311.3634
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MATCHING MEETS MERGING
A A AR pp —> W'+ nj

—eo— ATLAS data
— MEePs@NLo

=== MPS@NLO /2. 20 MEPS@NLO:
MENLOPS u/2...2u - Il={0,1,2} : NLO ME
n={3,4} : LO ME

n>4 : PSMC

MEnloPS:
n=0: NLO ME
n={1-+4}: LO ME
n>4 : PSMC

.;S}H?R%P'\;l:l'f(%“;“%l% ——— s’ MC@NLO:
W4 > 2jets n:O . NLO ME
n>0 : PSMC

1 11
T|T11T|TYTT|TTT

NLO reduces scale uncertainties

W4 > 3 jeb
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[M. Schénherr, S. Héche, F.Kraus, F.Siegert]; pLlGeV]
arXiv:1311.3634
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MATCHING
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[M. Schénherr, S. Héche, F.Kraus, F.Siegert];
arXiv:1311.3634
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MEETS MERGING
pp —> W'+ nj

MEPS@NLO:
n={0,1,2} : NLO ME
n={3,4} : LO ME
n>4 : PSMC

MEnloPS:
n=0: NLO ME
n={1-+4}: LO ME
PSMC

n>4 :

MC@NI.O:
n=0 :

n>0 :

NLO ME
PSMC

NLO reduces scale uncertainties

NLO improves on normalization




MATCHING MEETS MERGING
pp —> W'+ nj

MEPS@NLO:
n={0,1,2} : NLO ME
Second Jt n={3,4}: LO ME

_IIIIIITTITI1 IIIIIIIIITII..T]TI

e ATLASdata — n>4 : PSMC

- MEPs@NLO

s MePs@NLo u/2...2u

W+ 2jets (x1) — mg::gngmzy MEnloPS:

n=0 : NLO ME
n={1-+4}: LO ME
n>4 : PSMC

BT n=0: NLO ME
n>0: PSMC

de/dp, [pb/GeV]

W+ > 3 jets (x0.1)

NLO reduces scale uncertainties

NLO improves on normalization

and trees sculpt shapes !

[M. Schénherr, S. Héche, F.Kraus, F.Siegert];
arXiv:1311.3634
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MATCHED AND MERGED
PREDICTIONS

Accuracy

Complexity
[additional jets]
>

4567 8 910
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MATCHED AND MERGED
PREDICTIONS

Accuracy

Complexity
[additional jets]
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MATCHED AND MERGED
PREDICTIONS

Accuracy

NLO ME 1-jet

Complexity
[additional jets]

4 6 6 7 8 910
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MATCHED AND MERGED
PREDICTIONS

NLO ME 1-jet

Accuracy

NLO ME 2-jet

Complexity
[additional jets]

4 6 6 7 8 910
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MATCHED AND MERGED
PREDICTIONS

NLO ME 1-jet

Accuracy

—

NLO ME 2-jet

Complexity
[additional jets]

4 6 6 7 8 910
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HIGHER ME MULTIPLICITIES ?
R

* Better jet description

* Probing of new initial state channels opening up

* Most of the NLO impact on the shape of distributions

comes from the real-emissions diagrams, c.c. trees
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ADDING LOOPS (I.E. USING NLO ME)?
—

 Meaningtul assessment of theoretical uncertainties
with scales variation (LR , UF; Q)

* Credible total rates predictions

* Necessary for parameters extraction from measurements

(. precision physics)

* Treat loop-induced processes without effective theories

Monday, May 5, 14



NEED FOR AUTOMATION

* Merging trees 1s easy comparatively to computing loops , and they bring
most of the Interesting higher order features: needs incentive for not
sticking to them!
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NEED FOR AUTOMATION

* Merging trees 1s easy comparatively to computing loops , and they bring
most of the interesting higher order features: needs incentive for not

sticking to them!

* So, the advantage of having more precise results when also
considering loops will only outweigh their considerable technical

dithiculties if their implementation 1s FULLY AUTOMATED (ce. at

zero human cost)
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NEED FOR AUTOMATION

* Merging trees 1s easy comparatively to computing loops , and they bring
most of the interesting higher order features: needs incentive for not
sticking to them!

* So, the advantage of having more precise results when also
considering loops will only outweigh their considerable technical

dithiculties 1if their implementation 1s FULLY AUTOMATED (ce. at

zero human cost)

* Byproducts of automating MC simulations :

* More time available for physics and phenomenology

* All-in-one software hence wide accessibility

* Reliability ( new results exploit the same elementary building
blocks and are therefore correct almost by construction )
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SO WHAT’S NEEDED, REALLY?

Having the possibility of carrying on any collider study, in the SM and beyond,

starting from the Lagrangian only

To have these EXP/TH results directly usable by the TH/EXP colleagues. A
framework suited for both then.

Benefit from both the accuracy of NLO predictions and at the same time the
flexibility of parton shower Monte-Carlo.

Only physics input should be provided, the technicalities must be under the hood.

A framework of flexible usage but retaining maximal simplicity.
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PREDICTION WORKFLOW

SU(3) x SU(2) x U(1) SYMMETRIES G""Gu +quDuy qu) + -
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PREDICTION WORKFLOW

SU(3) x SU(2) x U(1) SYMMETRIES G"'Gu +1quDuy"qe + -+

GG + 4y D aey + [ MODEL >m = M
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PREDICTION WORKFLOW

SU(3) x SU(2) x U(1) SYMMETRIES G"'Gu +1quDuy"qe + -+

GG +1aw) Duy"a + 1] MODEL >m = 'ty

2

pp— 77 QCD =2 MATRIX ELEMENT M ad >
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PREDICTION WORKFLOW

SU(3) x SU(2) x U(1) SYMMETRIES G"'Gu +1quDuy"qe + -+

GG +1aw) Duy"a + 1] MODEL >m = 'ty

pp — 77 QCD =2 MATRIX ELEMENT

matrix.f PARTONIC EVENTS
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PREDICTION WORKFLOW

SU(3) x SU(2) x U(1) SYMMETRIES G"'Gu +1quDuy"qe + -+

GW/GMV +Zq(i)Du7MQ(i) + [] MODEL >m = Uyl s e

pp — 77 QCD =2 MATRIX ELEMENT

matrix.f PARTONIC EVENTS

S 3 0
S A1EOTSISER0 8 L3S30085E000 0. 3012150600
S A100TSSSE00 § 435352455000 0. 3012150600
S 4100TI50000 £ 420300855400 0. 012150000
«/rwgts
K «/eovent»

events.lhe HADRON LEVEL {7 Kt eT,p,---
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PREDICTION WORKFLOW

SU(3) x SU(2) x U(1) SYMMETRIES G"Gu, +1wquyDuy qu) + -

GHVG,W/ + Zg(z)D,u/YMQ(Z) T [ ’ ] MODEL >m — nylujt?j y oo

pp — 77 QCD =2 MATRIX ELEMENT

matrix.f PARTONIC EVENTS

events.lhe HADRON LEVEL

events.hep DETECTOR LEVEL

Monday, May 5, 14



STATE OF THE ART IN 2000

Accuracy

Inclusive NLO and LO+PS was to the Tevatron era what ...

‘ Fully inclusive

‘ Parton level

‘ Matched
(and automatic)

Kin. complexity

[final state legs]
>

4567 8 910
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STATE OF THE ART IN 2014

Accuracy

Inclusive NLO and LO+PS was to the Tevatron era what ...

.. iInclusive NNLO and NLO+PS is to the LHC era

‘ Fully inclusive

‘ Parton level

‘ Matched
(and automatic)

Kin. complexity
[final state legs]
>

1 92 3 45678 910
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IMPLEMENTATION

SYMMETRIES




IMPLEMENTATION

SYMMETRIES

| MODEL
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IMPLEMENTATION

SYMMETRIES

MODEL

MATRIX ELEMENT
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IMPLEMENTATION

SYMMETRIES

MODEL

MATRIX ELEMENT

PARTONIC EVENTS
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IMPLEMENTATION

SYMMETRIES

MODEL

MADGRAPH & MATRIX ELEMENT

MADEVENT S PARTONIC EVENTS

PYTHIA / HERWIG HADRON LEVEL
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IMPLEMENTATION

SYMMETRIES

MODEL

MATRIX ELEMENT
PARTONIC EVENTS

P HADRON LEVEL

DETECTOR LEVEL
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IMPLEMENTATION

GALILEC

b 4 ' @

Monday, May 5, 14
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SYMMETRIES

MODEL
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MATRIX ELEMENT

PARTONIC EVENTS

HADRON LEVEL

DETECTOR LEVEL




THE FEYNRULES PROJECT

[Alloul, Christensen, Degrande, Duhr, Fuks]




THE FEYNRULES PROJECT

[Alloul, Christensen, Degrande, Duhr, Fuks]

-

Needed for the
computation of UV

(and R2) counterterms

1U9HIdO[9A9p uj
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THE FEYNRULES PROJECT

[Alloul, Christensen, Degrande, Duhr, Fuks]

Available models

Standard Model The SM implementation of FeynRules, included into the distribution of the FeynRules package.

Several models based on the SM that include one or more additional particles, like a 4th generation, a second Higgs

Simple extensions of the SM (18) doublet or additional colored scalars.

Supersymmetric Models (5) Various supersymmetric extensions of the SM, including the M55M, the NMS5M and many more.

Extra-dimensional Models (4) Extensions of the SM including KK excitations of the SM particles.

Strongly coupled and effective field
theories (8)

Including Technicolor, Little Higgs, as well as SM higher-dimensional operators, vector-like quarks.

Miscellaneous (0)
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THE FEYNRULES PROJECT

[Alloul, Christensen, Degrande, Duhr, Fuks]

Available models

Standard Model

The SM implementation of FeynRules, included into the distribution of the FeynRules package.

Simol tensi f the SM (18 Several modetsbasadan the SM that include one or more additional particles, like a 4th generation, a second Higgs
mpe ecenyon2 ol e (18) doublet or additional colored scalars.

Supersymmetric Models (5)
Extra-dim ' | ommo i Fan

strongly ¢
theories (! | Axigluon model

Miscellane | b oy extension

FCNC Higgs interactions
Fourth generation model
General 2ZHDM

Hidden Abelian Higgs
Model

HiggsCharacterisation
Higgs effective theory

Higgs Effective
Lagrangian

Hill Model
Inert Doublet Model

Minimal Zp models
Monotops
Sextet diguarks

Standard model +
Scalars

Triplet diguarks

Type 111 See-S5aw Model

Monday, May 5, 14

Various supersymmetric extensions of the SM, including the MS5SM, the NMS5SM and Tamy-rRese___

[ R S i — i E T T e R | R [ RS | R T PR —— N T =] N (R S ) -

Short Description Contact
The SM plus a scalar gluon field. 5. Krastanov

The SM plus new spin-0, -1, and -2 bosons that contribute to Drell-Yan production of leptons
at the LHC.

. Christensen
The SM plus higher-dimensional flavor changing Higgs interactions. . Krastanov
A fourth generation model including a t' and a b’ . Duhr

The most general 2HDM, including all flavor violation and mixing terms. . Duhr, M. Herguet

A Z' model where the Z' interacts with the SM through mixings, leading to very small non-SM

like Z' couplings. . Duhr
The model file for the spin/parity characterisation of a 125 GeV resonance. . de Aguino, K. Mawatari

An add-on for the SM implementation containing the dimension 5 gluon fusion operator. . Duhr
Higgs effective Lagrangian including operators up-to dimension 6. . Alloul, B. Fuks and V. Sanz

A model with an unusual extension of the SM Higgs sector. . de Aquino, C. Duhr

A model with an additional complex scalar SU{2)L doublet and an unbroken Z2 symmetry
under which all SM particles are even while the extra doublet is odd.

. Goudelis, B. Herrmann, O. Stal
The minimal 2' extension of the SM, L. Basso

The SM plus monotop effective Lagrangian. B. Fuks

The SM plus sextet diguark scalars. J. Alwall, C. Duhr

The SM, together with a set of singlet scalar particles coupling only to the SM Higgs, and

allowing it to decay invisibly into this new scalar sector. C- Duhr

The SM plus triplet diquark scalars. J. Alwall, C. Duhr

The SM, including neutrino masses coming from a type III See-Saw mechanism. C. Biggio, F. Bonnet

Status

Available

Available

Available
Available

Available

Available

Available

Available

Available

Available

Available

Available
Available

Available

Available

Available

Available




THE FEYNRULES PROJECT

[Alloul, Christensen, Degrande, Duhr, Fuks]

Available models

Standard Model The SM implementation of FeynRules, included into the distribution of the FeynRules package.

Several models based on the SM that include one or more additional particles, like a 4th generation, a second Higgs

Simple extensions of the SM (18) doublet or additional colored scalars.

Supersymmetric Models (5) Various supersymmetric extensions of the SM, including the M55M, the NMS5M and many more.

Extra-dimensional Models (4) Extensions of the SM including KK excitations of the SM particles.

Strongly coupled and effective field
theories (8)

Including Technicolor, Little Higgs, as well as SM higher-dimensional operators, vector-like quarks.

Miscellaneous (0)

NLO MODELS (100000) SOON!
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[ J. Alwall, R. Frederix, S. Frixione, V. H, F. Maltoni, O. Mattelaer, H.-S. Shao, T. Stelzer, P. Torrielli, M. Zaro ]

This separation 1s transparent to the users.

Publicly available since 8" Nov. 2012

(Reference paper came out today! [hep-ph/1405.0301] )
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http://arxiv.org/find/hep-ph/1/au:+Alwall_J/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Alwall_J/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Frederix_R/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Frederix_R/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Frixione_S/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Frixione_S/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Hirschi_V/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Hirschi_V/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Maltoni_F/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Maltoni_F/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Mattelaer_O/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Mattelaer_O/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Shao_H/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Shao_H/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Stelzer_T/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Stelzer_T/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Torrielli_P/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Torrielli_P/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Zaro_M/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Zaro_M/0/1/0/all/0/1
http://arxiv.org/abs/1405.0301
http://arxiv.org/abs/1405.0301

MADGRAPHS AMCGERNLO

FRIEND OF USERS
* Process generation
* import model <model name>-<restrictions>
‘> generate <process> <amp_orders_and_option> [<mode>=<pert_orders>] <squared_orders>

output <format> <folder_name>

launch <options>

+ Examples, starting from a blank M G5 interface.

+ Very simple one:

> generate p p > t t~ [QCD]
> output
> launch

-+ With options specified:

import model loop sm-no_hwidth

set complex _mass_scheme

generate p p > e+ ve mu- vm~ b b~ / h QED=2 [QCD]
output MyProc

launch -f
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[Frederix et al. 1401.7340]
[See EleniVryonidou's talk]

HH PRODUCTION AT PP COLLIDERS

10% T T —T T T T 3
E HH production at pp colliders at NLO in QCD HH production at 14 TeV LHC at (N)LO in QCD :

o [ M, =125 Gev, MSTW2008 NLO pef (68%) My=125 GeV, MSTW2008 (N)LO pdf (68%cl) |
3

||,|l 11

Illul 11111

MadGraph5 aMC@NLO

MadGraph5 aMC@NLO

1 |||||||| 111

l
25 33
Vs[TeV]

Total cross sections at NLO for the various channels Trilinear coupling sensitivity
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http://arxiv.org/find/hep-ph/1/au:+Vryonidou_E/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Vryonidou_E/0/1/0/all/0/1

[Frederix et al. 1401.7340]
[See EleniVryonidou's talk]

HH PRODUCTION AT PP COLLIDERS

T T T T T :
E HH production at pp célliders at NLO in QCD HH production at 14 TeV LHC at (N)LO in QCD :
[ My=125 GeV, MSTW2008 (N)LO pdf (68%cl) |

[ M=125 GeV, MSTW2008/NLO pdf (68%cl)
3

||,|l L1

MadGraph5 aMC@NLO

Illul 11111

MadGraph5 aMC@NLO

1 |||||||| 111

l l
25 33
Vs[TeV]

Total cross sections at NLO for the various channels Trilinear coupling sensitivity
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http://arxiv.org/find/hep-ph/1/au:+Vryonidou_E/0/1/0/all/0/1
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[Frederix et al. 1401.7340]
[See EleniVryonidou's talk]

HH PRODUCTION AT PP COLLIDERS

| HH production at the LHC14, NLO+PS

do/bin[pb]

T

B

pp—HH (EFT loop-improved) PY8
pp—HH (EFT loop-improved) HW6
pp—HHjj (VBF) PY8

pp—HHjj (VBF) HW6

pp—ttHH PY8

pp—ttHH HW6

pp—~WHH PY8

pp—~WHH HW6

pp—ZHH PY8

pp—ZHH HW6

[ pp—HH (EFT loop-improved)  LO+PY8 ——

N

LO+HWE —-a--

—

— pp—HHijj (VBF) NLO+PY8 ——

—_

NLO+HW6 —-—-

= s = R & a
B W=
L L L I IL_I -

sc.unc 1

- =200

- 00 =22Of ot
N oow=advrOOaOR

—_
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— —
S VIS
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| HH production at the LHC14, NLO+PS

pp—HH (EFT loop-improved) PY8
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MadGraph5 aMC@NLO
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http://arxiv.org/find/hep-ph/1/au:+Vryonidou_E/0/1/0/all/0/1
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[J. Alwall et al. 1405.0301]

AUTOMATIC NLO IN THE SM (2014)

Process Cross section (pb)

Vector boson +jets LO 13 TeV NLO 13 TeV

pp— W+
pp— Wj
pp— WEij
pp— WEjjj

1.375 4+ 0.002
2.045 £ 0.001

6.805 £ 0.015
1.821 = 0.002

- 108
.10
- 103
- 10°

+15.4%
—16.6%
+19.7%
—17.2%
+24.5%
—18.6%
+41.0%
—27.1%

4+2.0%
—1.6%
4+1.4%
—1.1%
40.8%
—0.7T%
4+0.5%
—0.5%

1.773 £ 0.007
2.843 +£0.010

7.786 + 0.030
2.005 £+ 0.008

- 10°
.10
- 103
- 10°

15.2%
—9.4%
+5.9%
—B.0%
412 4%,

—6.0%
+0.9%

—6.7%

pp— 4
pp— 4]
pp— Zjj
pp— £3jj]

4.248 + 0.005
7.209 £+ 0.005
2.348 £ 0.006
6.314 £+ 0.008

- 10%
- 103
- 103
- 102

+14.6%
—15.8%
+19.3%
—17.0%
+24.3%
—18.5%
+40.8%
—27.0%

4+2.0%
—1.6%
+1.2%
—1.0%
40.6%
—0.6%
40.5%
—0.5%

5.410 4+ 0.022
0.742 4+ 0.035
2.665 4+ 0.010
6.996 £+ 0.023

. 10%
- 103
- 103
- 102

1+ 4.6%
—B.6%
1 5.8%
—7.8%
12.5%
—6.0%
1+1.1%
—6.8%

pp—yj
pPp—ij

1.964 + 0.001
7.815 £+ 0.008

- 104
-10°

+31.2%
—26.0%
+32.8%
—24.2%

+1.7%
—1.8%
+0.9%
—1.2%

5.218 £ 0.025
1.004 + 0.004

104
104

124 5%
—21 4%
4+5.9%

—10.9%
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[J. Alwall et al. 1405.0301]
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AUTOMATIC

NLO IN THE SM (2014)

Process

Vector-boson pair +jets

Cross section (ph)

LO 13 TeV

NLO 13 TeV

b.1
b.2
b.3
b.4
b.5
b.6

pp— WTW— (4f)
pp— L4

pp— ZWE
PP—YY

pp—+vZ
pp—W=

g ™o -9 -9 +d o
=T = N = B = B = B

7.355 £ 0.005
1.097 £ 0.002
2,777 £ 0.003
2.510 £ 0.002
2.523 + 0.004
2.954 + 0.005

- 10!
- 10!
- 10!
- 10!
- 10!
- 10!

+50% +2.0%
—6.1% —1.5%
+4.5% +1.9%
—5.6% —1.5%
+3.6% +2.0%
—4. 7% —1.5%
+221% +2.4%
—22.4% —2.1%
+99% +2.00%
—11.2% —1.6%
+9.5% +2.0%
—11.0% —1.7%

1.028 £+ 0.003
1.415 £+ 0.005
4487 +0.013
6.593 £ 0.021
3.695 £ 0.013
7.124 £ 0.026

107
10!
10!
10!
10!
10!

+4.0% +1.9%
—4.5% —1.4%
+3.1% +1.8%
—3.7% —1.4%
+4.4% +1.7%
—4.4% —1.3%
+17.6% +2.0%
—188% —1.09%
+5.4% +1.8%
—7.1% —1.4%
+9.7% +1.5%
—0. 0% —1.3%

b.7
b.8
b.9
b.10
b.11*
b.12*

pp— WHW—j (4f)
pp—L£L5

p— Ewij
pp—+yJ

pp— 4]
pp—+WEj

0 d -° = +d°d d

=T = B = I = B = E s

2.860 + 0.003
3.662 = 0.003
1.605 £+ 0.005
1.022 + 0.001

8.310 £ 0.017 -
- 10!

2.546 + 0.010

10t
- 10°
<10t
<10t

107

+11.6% +1.0%
—10.0% —0.8%
+10.9% +1.0%
—03% —0.8%
+11.6% +0.9%
—10.0% —0.7%
+20.3% +1.2%
—17.7% —1.5%
+14.5% +1.0%
—12.8% —1.0%:
+13.7% +0.9%
—12.1% —1.0%:

3.730 £ 0.013
4.830 = 0.016
2.086 = 0.007
2.292 +0.010
1.220 + 0.005
3.713+£ 0015

10
100
<10t
<10t
10t
10t

+4.9% +1.1%
—4.0%, —0.B%
+5.0% +1.1%
—4.8% —0.9%
+4.9% +0.9%
—4.8% —0.7%
+17.2% +1.0%
=151% —1.4%
+7.3% +0.9%
—T7.4% —0.9%
+7.2% +0.9%
-7.1% —-1.0%

b.13
b.14
b.15
b.16
b.17
b.18
b.19*
b.20*

pp—+ WHWHjj
pp—W-Wjj
pp— WTW ™ jj (4f)
pp— L4757

pp— ZW*jj
pp—+7i1J
pp—vZj]
pp—yW=jj

04 ™o ™°9 d°9 ™d°9 '™d°d +do ™o
=N =~ B =~ I = = = = =

1.484 4+ 0.006 -
6.752 £ 0.007 -
1.144 £+ 0.002 -
1.344 £0.002 -
8.038 £ 0.009 -
5377 £0.029 .
3.260 £+ 0.009 -
1.233 + 0.002 -

+25.4% 4+2.1%
—189% —1.5%
+25.4% 4+2.4%
—189% —-1.7%
+27.2% +0.T%
—10.9% —0.5%
+26.6% +0.T%
—10.6% —D0.6%
+26.7% +0.TH
—10.7% —0.5%
+26.2% +0.6%
—10.8% —1.0%:
+34.3% +40.6%
—18.4% —D.6%

+24.7% +0.6%
—1B.6% —0.6%

2.251 £ 0.011 -
1.003 £+ 0.003 -
1.396 £+ 0.005 -
1.706 £ 0.011 -
9.139 £ 0.031 -
7.501 £ 0.032 -
4.242 +0.016 -
1.448 £+ 0.005 -

+10.5% +2.2%
—10.6% —-1.6%
+1001% +2.5%
—10.4% —1.8%
+5.0% +0.7%
—6.8% —0.6%
+5.8% +0.8%
—7.2% —0.6%
+3.1% +0.7%
—5.1% —0.5%
+8.8%  +0.6%
—10.1% —1.0%
+6.5% +0.6%
—7.3% —0.6%

+3.6% +0.6%
—5.4% —DL7T%

2
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AUTOMATIC NLO IN THE SM (2014)

=)

Process

Three vector bosons +jet

3
]

Cross section (pb)

LO 13 TeV

NLO 13 TeV

pp— WHW-WE (4f)
pp— ZWHW— (4f)
pp— ZZWE
pp—ZZZ
pp—yWTW— (4f)
pp— YW

pp 1 EWE
pp—E &

P14

PP — YTy

=T = B =~ D = I = = EL <D < = B =
= = B = B = = I = B = E = = B =

1.307 + 0.003 -
1072
1072
1072
10t
-10-2
1072
1072
1072
1.269 + 0.003 -

0.658 + 0.065
2.996 £ 0.016
1.085 £ 0.002
1.427 4+ 0.011
2.681 + 0.007
4.994 £+ 0.011
2.318 £ 0.004
3.077 £+ 0.008

10—t

+0.0%
—0.3%
+0.8%
—1.1%
+1.0%
—1.4%
+0.0%
—0.5%
+1.9%
—3 /%
+4.4%
—5 8%
+0.8%
—1.4%
+2.0%
—3 /%
+5.7%
—6_ A%

+9.8%
—11.0%

+2.0%
—1.5%
+2.1%
—1.6%
+2.0%
—1.6%
+1.9%
—1.5%
+2.0%
—1.5%
+1.9%
—1.6%
+1.9%
—1.6%
+1.9%
—1.5%
+1.9%
—1.6%
+2.0%
—1.B%

2,109 £ 0,006
1.679 £ 0.005
5.550 £+ 0.020
1.417 £+ 0.005
2.581 £ 0.008
8.251 £ 0.032
1.117 £ 0,004
3177 £ 0.015
4.571 £ 0.017
3.441 +£0.012

-10~1
1071
1072
1072
1071
-10-2
-10~1
1072
1072
1072

+5.1% +1.6%
—4. 1% —1.2%
+6.3% +1.6%
=5.1% —1.2%
+6.8% +1.5%
—55% —1.1%
+2.7% +1.9%
—2.1% —1.5%
+5.4% +1.4%
—4.3% —1.1%
+7.6% +1.0%
—7.0% —1.0%
+7.2% +1.2%
—5.9% —-0.9%
+3.1% +1.8%
—2.0% —1.4%
+4.2% +1.7%
—4.8% —1.4%

+11.8% +1.4%
—11.8% —1.5%

pp— WHW-WZj (4f)
pp— ZWHW =3 (4f)
pp— ZZWE;j
pp—=ZZZj
pp—+YWTW™j (4f)
pp—yYWEj
pp—+1ZW=j
pp—+1ZL 4]

pp—7171Z]

PP —YYYd

b= =~ B = I <L < = H = H = s = = |
=T = B = I = I = L = = = = = |

9.167 + 0.010
8.340 £ 0.010

1072
1072
2.810+ 0.004 -
4.823 + 0.011 -
1.182 + 0.004 -
4.107 £ 0.015 -
5.833 +0.023 -
9.995 + 0.013 -
1.372 + 0.003 -
1.031 + 0.006 -

+15.0%
—12.3%

+15.6%
—12.6%

+16.1%
—13.0%

+14.3%
—11.8%

+13.4%
—11.2%

+11 8%
—10.2%

+14.4%
—12.0%

+12.5%
—10.6%

+10.9%
—0.4%

+14.3%
—1%6%

+1.0%
—0.7T%
+1.0%
—0. 7%
+1.0%
—0.7%
+1.4%
—1.0%%
+0.8%
—0.7T%
+0.6%
—0.8%
+0.7TH
—0.6%
+1.2%
—0.0%
+1.0%
—0.9%
+0.O%
—1.2%

1.197 £+ 0,004
1.066 £ 0.003
3.660 £ 0.013
6.341 £+ 0.025
1.233 £ 0,004
5.807 £0.023
7.764 £ 0.025
1.371 £ 0.005
2.051 £ 0.011
2.020 £+ 0.008

1071
1071
1072
-10~%
- 107

1072
1072
1072
-10-2
1072

+5.2% +1.0%
—5.6% —-0.B%
+4.5% +1.0%
—5.3% —0.7%
+4.8% +1.0%
—5.6% —0.7H%
+4.9% +1.4%
—5.4% —-1.0%
+18.9% +1.0%%
—109.9% —1.5%
+5.8% +0.7%
—5.58% —-0.7H%
+5.1% +0.8%
—5.5% —0L6%
+5.6% +1.2%
—5.5% —0.9%
+7.0% +1.0%
—6.3% —0.9%

+12.8% +0.8%
—11.0% —1.2%
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2

AUTOMATIC NLO IN THE SM (2014)

i
G

Process Cross section (pb)

Four vector bosons LO 13 TeV NLO 13 TeV

c.21*
c.22*
c.23"
c.24*
c.25h*
c.26"
c.27
c.28*
c.29*
c. 30+
c.31*
c.32*
c.33*
c.34*
c.35*

pp— WTW-WTW— (4f)
pp— WHW-W=Z (4f)
pp— WHW Wy (4f)
pp—=+WTW—ZZ (4f)
pp— WTW = Z~ (4f)

pp — WITW "y (4f)
pp—WEZZZ

pp—+WEZZ~y
pp— WEZyy
pp — Wyyy
pp s ZZZZ
pp— L8 Ly
pp — £ Ly
pp—+ L7y
PP —+ 1YY

PP
PP
PP
PP
PP
PP
PP
PP
PP
PP
PP
PP
PP
PP
PP

- S
wo

cEEECE GG

5.721 +0.014 -
104
104
10~
101
1074
1075
104
10~
105
1075
3.945 + 0.007 -

1075
1075
1.594 4+ 0.004 -

6.391 + 0.076
2.115 + 0.064
4.320 = 0.013
8.403 £+ 0.016
5.198 + 0.012
5.862 £+ 0.010
1.148 + 0.003
1.054 + 0.004
3.600 = 0.013
1.9589 £+ 0.002

5.513 £ 0.017
4.790 + 0.012

104

+3.7% +2.3%
—-35% —1.7%
+4.4% +2.4%
—4.1% —1.8%
+2.5% +2.92%
—2.5% —-1.7%
+4.4% +2.4%
—4.1% —1.7T%
+3.0% 4+2.3%
—-29% —1.7%
+0.6% +2.1%
—0.9% —1.6%
+5.1% 4+2.4%
—4. 7% —1.8%
+3.6% +2.92%
—-35% —1.7%
+1.7% +2.1%
-1.9% —-1.7%
+0.4% +2.0%
—1.0%: —1.6%
+3.8% +2.2%
—-3.6% —1.7%
+1.9% 4+2.1%
—-2.1% —1.6%
+0.0% +2.1%
—0.3% —1.6%
+2.3% 4+2.0%
-3.1% —-1.6%
+4.7% +1.9%
—-5.7% —1.7%

0.959 + 0.035
1.138 + 0.004
1.546 + 0.005
7.107 £ 0.020
1.483 £+ 0.004
9.381 +0.032
1.240 £+ 0.004
2.945 + 0.008

1.246 + 0.005
2.629 £+ 0.008
5.224 £ 0.016
7.518 £0.032
7.103 £0.026
3.389 +0.012

1074
-10-3
1073
1074
L1073
1074
1074
1074
3.033 +0.010 -

- 10-4
1073
L1073
1073
1073
1073

+74% +1.7%
—6.0% —1.2%
+E8.4% +1.7%
—-6.8% —1.2%
+7.9% +1.5%
—-6.23% —1.1%
+7.0% +1.8%
—5.7% —1.3%
+7.2% +1.6%
—5.8% —12%
+6. 7% +1.4%
—53% —1.1%
+0.9% 4+1.7%
—-8.0% —12%
+1D0.8% +1.3%
-8 —-1.0%
+10.6% +1.1%
—-8.6% —-0.8%
+0.8% +0.9%
—8.1% —0.8%
+3.5% 4+2.2%
—3.0% —1.T%
+3.3% 4+2.1%
—2.7% —1.6%
+3.4% 42.0%
—26% —1.5%

+3.4% +1.6%
-3.2% —1.5%
+7.0% +1.3%
—-6.7% —1.3%
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AUTOMATIC NLO IN THE SM (2014)

Process Syntax Cross section (pb)
Heavy quarks and jets LO 13 TeV NLO 13 TeV
d1  pp—jj ] 1.162 +£0.001 - 105 100 1088 1.580+0.007 - 108 T50% Th-0E
d2  pp—iji PP> 33 £.940+0.021 100 TS AL o714 gg37. 100 F2I% FLI%
d3 pp—bb pp>b b~ 3.743+0.004 - 108 FHIE TISR 6438+ 0028 .10° TR IR
d.4*  pp—sbbj pp>bb~j 1.050 +£0.002 - 10° 13000 180 1327+ 0007 -10° FU0E. TiEw
» - - - +61. 8% +2.1% 3 48.2% +2.0%
d.5*  pp—bbjj pPp>bbe i 1.852 +0.006 -10° 1550 +20% 247140012107 2R FOOE
-1 +61.7% +2.9% -1  +209% +2.9%
d.6  pp—sbbbb pp>bb~bb~  5060£0007-1070 TR PR 873640034 -1070 HOR H
d7T  pp—tf PP >t t~ 458440003 -10% T S 674140023 -107 FIPE TR
- - 451 2. 2 8.1 21
d8 pp—tij PP >t te j 3.135+0.002 -10° FR 00 Y22E 4106+ 0015 -10° FIR LIS
d9  pp—tijj PP>t t~ 3 j 1.361 £ 0.001 - 10* F§L00% T20% 1795 +0.006 - 102 FI20% Tiow
Til -3  $631.8% +54% -2 S430.8% +55%
d.10  pp—stiti PP>ttette  4505£0005.107% TR ST 9901 40,028 107 PSR A
d.11  pp—stibb PP>tt~bb~ 6119+0004-10° FELIEAIIE 145240005 -100 FITEF PN
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AUTOMATIC NLO IN THE SM (2014)

Process Cross section (pb)
Heavy quarks+vector bosons L0 13 TeV NLO 13 TeV

+ 2 +42.3% +2.0% 2 +20.8% +1.5%

2 +33.5% +1.0% 3 +10.9% +1.0%
e2  pp—Zbb 6.993 £ 0.003 - 107 +335% +10% 4 9354 0.004 . 10% F129% +LO%

e.d pp— v bb 1731+ 0001 - 108 FHA% YO0% 417140015 -10% TETE TIOE

* + . 2 +425% +0.TH 2 +270% +0.TR
ed*  pp—WEbhj 1.861 £0.003 - 107 +i25% +07% 395740013 .107 0% +0.7%

e5* pp—Zbbj PP 1604 £0.001 - 102 F320% W9 2805+ 0000 107 FIEE HOOE

* b 2 +51.32% +1.0% 3 +18.9% +1.0%
e6* pp—ybbj PP 781240017 -107 PO HIO% 123330004 .10 TIROE TLO%

e7 ppatiWk PP 3777 + 0.003 - YRO% 1% 5 669 4 0.021 - o e
T +30.5% +1.8% —1 49.7% 41.49%
el  ppotiZ pp 5.273 + 0.004 - HIS% L% 750840026 -1070 FITE +19%

ra +29.6% +1.6% 0 +98% +17TH
e9  pp—tiy PP 1.204 £0.001 - 107 2% 1L 174440005 .10 FHEE L0

eld* pp—ttW=j PP j  2.352+0.002 - toie Tine  3.404£0.011 - Hlaon Toon

* gl . +46.2% +2.7% +7.0% +2.5%
ell* pp—tiZj PP 3.953 £ 0.004 - e Tiow 50744 0.016 - o Taom

. Foca 4 +45.4% +2.3% +7.5% +2.X%
el2* pp—tiyj 8.726 + 0.010 - e 2% 113540004 -100 FTSE 2%

el3* pp—tEW-WT (4f) 6.675 + 0.006 - folow Taom 9.904+0.026 - e e

. FIv T +26.6% +2.5% +106% +2.3%
eld" pp—tHWEZ 2.404 £ 0.002 - TEE 42T 3525+ 0.010 - HIDE% +2a%

els” pp— Wy 2.718 + 0.003 - HL 423%  3.027+0.013 - BT e
* ¥ +20.3% +1.7% +7.9% +1.T%
el16* pp—tiZZ 1.349 £ 0.014 - 2% HLTE 1 8404+ 0.007 - % LN

el? pp—tfZy 2.548 + 0.003 - e iew  3.656+0012 . Mo o

. ¥ +28.4% +1.3% +7.8% +1.4%
el8  pp—tiyy 3.272 + 0.006 - TIAE FLIT 440240015 - HTLE% +14%
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AUTOMATIC NLO IN THE SM (2014)

=)

Process

Single-top

Cross section (pb)

LO 13 TeV

NLO 13 TeV

pp —+tj (t-channel)
pp —+tyj (t-channel)
pp—+t£7 (t-channel)
pp —+thjvy (t-channel)
pp —+thjd (t-channel)

1.520 + 0.001
9.956 + 0.014
6.967 + 0.007
1.003 £+ 0.000
6.293 £+ 0.006
3.934 £ 0.002

PP >ttt 5 wtw
PP
PP
PP
PP

PP

tt a j % wt w-

tt =z j $% wt w-
bb j $8 w+ w-
bb j a 3§ wt w-

bb j =z % wt w-

Tt

Lnn

Tt

102
1071
1071
102
1071
1071

+9.4% +0.4%
—11.9% —0.6%
+6.4% +0.9%
—B.8% —1.0%
+3.5% +0.9%
—5.5% —1.0%
+13.8% +0.4%
—11.5% —-0.5%
+16.8% +0.8%
—13.5% —0.9%
+18.7% +1.0%
—14.7% —0.9%

1.563 £ 0.005
1.017 £ 0.003
6.993 1+ 0.021
1.319 4+ 0.003
2.612 £ 0.025
5.657 £ 0.014

- 102
- 107
101
- 102
10!
107t

+1.4% +0.4%
—1.8% —-0.6%
+1.3% +0.8%
—-1.2% —-0.9%
+1.6% 40.9%
—1.1% —-1.0%
+5.8% +0.4%
—52% —0.5%
+6.2% +0.8%
—6.6% —0.9%
+7.7% +0.9%
—7.09% —0.9%

pp —+th (s-channel)
pp —+ thy (s-channel)
pp —+thZ (s-channel)

T.489 + 0,007
1.490 £+ 0.001

PPRP>wt >t b, pp>w >t~ Db
PP*w >thva pp>*w >t~ba

PRP*wt >thwz, pp®*w- >t~bz

107
-1072
1.072 4+ 0.001 -

+3.5% +1.9%

—4.4% —1.4%
+1.2% +1.0%
—1.8% —1.5%
+1.3% +2.0%
—1.5% —-16%

1.001 £+ 0.004
1.952 £ 0.007
1.539 £ 0.005

10!
-1072
-102

+3.7% +1.9%

—3.9% —1.5%
+26% +1.7%
—2.3% —1.4%
+3.9% +1.9%
—3.2% —1.5%
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AUTOMATIC NLO IN THE SM (2014)

Process Cross section (ph)

Single Higes production LO 13 TeV NLO 13 TeV

pp— H (HEFT)
pp— Hj (HEFT)
pp— Hjj (HEFT)

J
1]

1.593 = 0.003
8.367 = 0,003
3.020 = 0.002

10t
. 10°
. 10°

+34. 8% +1.2%

—26.0% —1.7
+38.4% +1.2

—28.4% —1.4%
+50.1% +1.4%
—34. 7T —1.7%

3.261 = 0.010 -
1.422 £ 0,006 -
0.124 = (0L.020 -

+20.2% +1.1%

—-1789% —1.6
+1B.5% +1.1

—16.6% —1.4%
+20.7% +1.3%
—21.0% —1.5%

pp— Hjj (VBF)
pp— Hjjj (VBF)

j ] wrw-z
33388 w w2

1.987 £+ 0.002

- 107
2.824 + 0.005 -

+1.TH% +1.9%

—2.0% =14
+ I.EIT"?'?- +ﬁ5%

—12.7% —1.0%

1.900 = 0.006 -
3.085 = 0.010 -

+0.8% +2.0%

O L
—3.0% —1.1%

pp— HW™
pp— HW™ j
pp—+ HW" 3

wplL
wpn ]
wpn ]

1.195 = 0.002

. 10°
4.018 £+ 0.003 -
1.198 £ 0.016 -

+3.5% +1.9%

—4.5% —1.5%
+10. 7% +1.2%
—9.3% —0.8%
+268.1% +0.8%

—19.4% —0.68%

1.419 = 0.005 -
4,842 = 0.017 -
1.574 = 0.014 -

+2. 1% +1.9%

—2.68% —1.4%
+5.68% +1.2%
-3 7T —1.0%
+5.0% +0.9%
—A.5% —0.6%

mp—+HZ
pp— HZ j
= HZ jj

z
z ]
z31]

6.468 £ 0.008 -
2,225+ 0.001 -
7.262 = 0.012 -

+3.5% +1.9%

—d. 0% —1.4

+ 10655 +l.%
—8.2% —0.B%
+26.2% +0.7%

—18.4% —0.6%

7.674 = 0.027 .
2.667 = 0.010 -
8.753 = 0.0a7 -

+2.0% +1.9%
—2.0% —1.4
+a8.5% +1.1

—3.6% —0.9%
+4.8% +0.T%
—8.3% —0.6%

pp— HWHW = (4f)
pp— HW

pp— HZW*

pp— HZZ

W u=
Wpn a
Z Wpo
z Z

£.325 1+ 0.139 .
2.518 = 0.006 -
3.763 = 0.007 -
2.083 = 0.003 -

+0.0% +2.0%
—0.3% —1.6%
+0.T% +1.9%
—1.4% —1.5%
+1.1% +2.0%
—1.5% —1.68

+0.1% +1.9

—0.6% —1.5%

1.065 = 0.003 -
3.309 = 0.011 -
5.292 = (.015 -
2.538 = 0.007 -

+2.05%
—1.5%
+1.T%
—1.4%
+1.8%
—1.4

2.0

—1.5%

pp—+ Hitt
pp— Htj
pp— Hbb (4f)

£t t~

b b~

3.879 = 0.003 -
4.994 £ 0.005 -
4.983 £+ 0.002 -

+30.0% +1.7%
—21.5% —2.0%
+2.4% +1.2%
—4.2% —1.3%
+28.1% +1.5%

—21.0% —1.B%

4,608 = 0.016 -
6.328 1+ 0.022 .
6.085 = 0.026

+2.05%
—2. %0
+1.5%
—1.6%
+1.6%
—2.0%

pp— Hitj

PP
PP
PP
PP
PP
PP
PP
PPF
PP
PP
PP
PP
PP
PP
PP
PP
PP
PP
PP
PPF

= o = I = S = N = = = Y = S = = S = A = = = = = o = I = S = N =

£t~ j
b b~ j

2.674 = 0.041 -
7.367 £ 0.002 -

+45.6% +2.6%
—zg_-.zﬁ —2.0
+45.8% +1E
—29.1% —2.1%

3.244 = 0.025 -
9.034 = 0.032 -

q.r 42 5%
—a. T —2.9
+?.9% +1.§Z’:
—11.0% —2.2%
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[J. Alwall et al. 1405.0301]

AUTOMATIC NLO IN THE SM (2014)

2

Process Syntax Cross section (pb)
Multiple Higgs production LO 13 TeV NLO 13 TeV
hl  pp—HH (Loop improved) pp>hh 1.772 £ 0.006 - 1072 +39§§2 TR 2.763+£0.008 -107% Tl $ +2.1%
. P — T.2 ?'3 — ﬂﬂ ?d.
h2  pp—HHjj (VBF) pp>hhjj88wtw-z 65030019 10¢ 45T geanrg26 107t 08 t”ﬁ
hd  pp— HHW® pPp>hh wpm 4303 £0.005-107° T ﬂm” “9;%% 5002 £0.014 - 107 To0 THO2
hd* pp—HHWTj pp>hhvpm j 1.922 0,002 - 107% F132E CLOE 2218+ 0.009 - 107% FIIE FLOE
b5 pp— HHW pp>hhwpra 1.952 £ 0,004 -107%  FI0F TIEE 23470007 -207° TREE T
h6* pp—+HHHW? pp>hhhwpm 3.989 £0.009 - 10-7 +32 t’;’-g.é,é 4590 £0.012 - 1077 *+18 t’;’-_%,é
Wi pp—sHHZ pp>hhez 2.701 £ 0.007 - 107% 0% 2 “9,%% 3.130 £ 0.008 - 107* 1O TROT
h8* pp—HHZ] pp>*hhzj 1.211 £ 0.001 - 10~ jt';_;,?? ;E% 1.394 £ 0.006 - 10~* tg'-g.g L5
h9" pp—HHZy pp>hhza 1.397 £ 0.003 -107° T3% t’;*-j.;é 1.604 £ 0.005 - 107" ﬂ-#% t’;*-_ﬁ.;é
h10* pp—HHHZ pp>hhhz 2.735 +0.006 - 1077 32 tfl?:‘;;é 3154 £0.007 - 1077 FLT tfl?:‘;;é
hil* pp— HHZZ pp>hhzz 2.309 £0.005 - 107% 37 tf'_?.&j 2.754+0.009 -107% 27 tf'?&j
h.12* pp—+HHEZW™ pp>hhzwum 3.708 £ 0.013 - 10~° jﬂ% tfl?:‘;;é 4.904 +0.029 - 1075 ** 2% -
h.13* pp— HHW YW [(4f) pp>hhww 7.524 £0.070 - 1078 *32 t’;*-j.%a 9.268 £ 0.030 - 108 tgi ’:';'3-;3
hl4 pp— HHt pp>hhtt~ 6.756 £ 0.007 - 107° t';'i&%? YRR 7301400024 -107% TLER RS
hi5  pp— HHj pp>hhbtt ] 1844 £ 0.008 - 10~° *OUEHLEE 5 4g4 4 0009 - 107 FEOT F25%
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[J. Alwall et al. 1405.0301]

AUTOMATIC NLO IN THE SM (2014)

Process
Heavy quarks and jets

LO 1 TeV

Cross section (ph)

NLO 1 TeV

eTe =]
ete” = jij
ete” =i
eTe” —jiiii

6.223 + 0.005
3.401 + 0.002
1.047 + 0.001
2.211 + 0.006

107"
L1071
107"
107

+0.0%%
— L
+H. 6%
—H.(0
+2i).0

—15.3%
+.31.4

—22.0%

6.389 4+ 0.013
3.166 4+ 0.019
1.090 £+ 0.006
2.771 £ 0.021

107!
L1071
107!
107

eTe” g

eTe” g
eTe” —titt

e e — ity

n
+
+
+
t
+

H H H H H H HI HI HI ul

1.662 + 0.002
4.813 £+ 0.005
8.614 4+ 0.009
1.044 + 0.002
6.456 + 0.016

107"
107
1077
L1077
L1077
2.719 £+ 0.005 -

+0.0%
— L
+8.3%
— 7.8
+14.4

—15.0%
+30.5%
—21.6%
+148.1

—14.B%:
+29.9

—21.3%

1.745 + 0.006
5.276 + 0.022
1.094 £+ 0.005
1.546 + 0.010
1.221 + 0.005
5.338 + 0.027

107!
107
107
. 10—-3
107"
107"

eTe” — bb (4f)

eTe” —bbj (40)

eTe” = bbjj (4f)
eTe” — bbjjj (4f)
eTe™ — bbbb {4f)
e e — bbbbj (4f)

oo oo oo

9.198 + 0.004
5.029 £+ 0.003
1.621 4 0.001
3.641 4 0.009
1.644 4 0.003
7.660 4+ 0.022

107
107
L107F
L1077
1071
1077

+0.05%
— L
+H.5%:
—H. 0
+-:2i.10)

—15.3%
+31.4

—22.1%
+19.89%

—15..3%
+al.d

—22.0%

9.282 4 0.031
4.826 4+ 0.026
1.817 4+ 0.009
4.936 + 0.038
4.601 £0.017
1.537 £ 0.011

107
107
107
. lﬂ—ii
1071
1071

eTe™ — tibb (4f)
eTe” — tibbj (4f)

oF  oF

1.819 4+ 0.003
4.045 £ 0.011

1071
L1077

+18.5%
—15.0%
+30.5%
—21.6%

2.923 4+ 0.011

1071
7.049 £+ 0.052 - ;
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[J. Alwall et al. 1405.0301]

AUTOMATIC NLO IN THE SM (2014)

Cross section (ph)
LO 1 TeV NLO 1 TeV

Process
Top guarks +bosons

i1
j.2"
j.3"
i
j.5"
i.6"
T
j.8"
i.9°
j.10"

eTe” = tH
eTe” = itHj
eTe” —+tH ]
eTe” —thy
eTe” —thy
eTe” = ilyig
eTe” —=itZ
eTe” SitZj
eTe” =2tz
eTe” 2 W T4

WOoOWOOW W WO W W W W

ot o o o oF oF oF o o o

2.018 + 0.003
2.533 £ 0.003
2.663 + 0.004
1.270 £ 0.002
2.355 £+ 0.002
3.103 £ 0.005
4.642 £+ 0.006
6.059 £+ 0.006
6.351 £+ 0.028
2.400 £ 0.004

107
.10~
L1077
107
107
- 1071
L1074
1071
L1077
107

+i0.0%
— {1
+4.3

— 7. B
+149.3%
—14.9%
+0.0%;
—0.0%
+9.3%
— 7.2
+159.5%
—15.0%
+i0.0%
— {1
483

—T.8%
+19.4%
—15.0

+15.3%
—14.9%

1.911 + 0.006
2,658 £+ 0.0049

1.335 £ 0.004
2,617 £+ 0.010
4.002 £ 0.021
4.949 4+ 0.014
6.940 £ 0.028
H.439 4+ 0.051
3.723 £0.012

10
L1101
3,278 £ 0.017 -
107
107
101
107
107t
L1077
107

10"

j.11"
j.12°
j.13°
j.14"
j.15°
j.16°
17"

eTe” =+ itHZ
eTe” =ty Z
eTe” = ilvH
eTe” — thyy

e e 2 UIZ

e e +tHH
eTe” = HWTW -

WooWOW W W W W
ot o o o o o o

3.600 £ 0.006
2.212 4+ 0.003

3.650 £ 0.008

107
21071
9.756 £ 0.016 -
21071
J.788 £ 0.004 -
1.358 4 0.001 -
1.372 4+ 0.003 -

+i0.0%
—0.0%
+i0.0%
— {1
+i1.01

— {1
+i1.01

— 0%
41111

—0.0%
+0.0%,
— 0%
4111

—0.0%:

3.079 £ 0.013
2,364 £+ 0.006
9.423 4+ 0.032
3.833 £ 0.013
4.007 £ 0.013
1.206 £+ 0.003
1.540 £+ 0.006

L1077
L1077
.10~
L1077
107
107
L1101
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PHILOSOPHY DIFFERENT FROM MCFM

Downloadable general purpose NLO code [Campbell, Ellis, Willlams+collaborators]
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PHILOSOPHY DIFFERENT FROM MCFM

Downloadable general purpose NLO code [Campbell, Ellis, Williams+collaborators]

8.1 W-boson production, processes 1,6

8.2 W+ jet production, processes 11,16

8.3 W + b production, processes 12,17

8.4 W + ¢ production, processes 13,18

85 W + ¢ production (m. = 0), processes 14,19

8.6 W + bb production, processes 20,25

8.7 W + bb production (my = 0), processes 21,26

8.8 W + 2 jets production, processes 22,27

8.9 W + 3 jets production, processes 23,28

8.10 W + bb+ jet production (my = 0), processes 24,29
8.11 Z-boson production, processes 31-33

8.12 Z-boson production decaying to jets, processes 34-35
8.13 tt production mediated by Z/+*-boson exchange, process 36 .
8.14 Z+ jet production, processes 41-43

8.15 Z + 2 jets production, processes 44, 46

8.16 Z + 3 jets production, processes 45, 47
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PHILOSOPHY DIFFERENT FROM MCFM

Downloadable general purpose NLO code [Campbell, Ellis, Williams+collaborators]

-bosnn nradustian nracoccne 1 A
81 W . 8.17 Z + bb production, process 50 -.- 30
82 W+ jsis z+m production (my = 0), processes 51-53 c.. 30
8.3 W + 1819 Z + bb+ jet production (my = 0), process 54 - 1 |
8.20 Z + e production (m, = 0), process 56
8.4 W + €321 Diboson production, processes 61-89 cee 31
85 W+ 8211 WW production, processes 61-64, 69 R 3 |
8.21.2 WW4jet production, process 66
86 W+t 8.21.3 WZ production, processes T1-80 ... 3l
87 W41l 3214 2Z production, processes 81-84, 86-90 ce. 32
88 W+& 8.21.56 ZZ4+jet production, process 85 ... 32
P 8.21.6 Anomalous couplings
8.9 W+ 520 WH production, processes 9194, 9699 e 33
8.10 W + £8.23 ZH production, processes 101-109 R 1
. 8.24 Higgs production, processes 111121
8.11 Z boss.zs H — W*W~ production, processes 126,127 ... 33
8.12 Z-b0S326 H + b production, processes 131-133 c.. 33
813 pros.27 tt production with 2 semi-leptonic decays, processes 141-145 . 4236
814 Z+ .e8.28 tt production with decay and a gluon, process 143 13 34
- JC329 1 production with one hadronic decay, processes 146-151 . . . 43 *
8.15 Z 4+ 2 8.30 Q@ production, processes 157-159 4. .. 34
8.31 i+ jet production, process 160
8.16 Z+3 8.32 Single top production, processes 161-177 .. 34
8.33 Wt production, processes 180187
8.34 H+ jet production, processes 201-210
8.35 Higgs production via WBF, processes 211-217
8.36 r*r~ production, process 221
8.37 t-channel single top with an explicit b-quark, processes 231240 48
8.38 W'W*4jets production, processes 251,252
8,39 Z + Q production, processes 261-267
8,40 I + 2 jet production, processes 270-274
8.41 H + 3 jet production, processes 275-278
8.42 Direct v production, processes 280282
8.43 Direct v + heavy favour production, processes 283-284 . . . .
8.44 vy production, processes 285-286
8.45 W production, processes 290-297
8.45.1 Anomalous WW+ couplings
8.46 Z~, production, processes 300, 305
8.46.1 Anomalous ZZ+ and Z4+ couplings
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PHILOSOPHY DIFFERENT FROM MCFM

Downloadable general purpose NLO code [Campbell, Ellis, Williams+collaborators]

-bosnn nradustian nracoccne 1 A
81 W . 8.17 Z + bb production, process 50 -.- 30
82 W+ jsis z+m production (my = 0), processes 51-53 c.. 30
8.3 W + 1819 Z + bb+ jet production (my = 0), process 54 R 3 |

8.20 Z + e production (m, = 0), process 56
8.4 W + €321 Diboson production, processes 61-89 cee 31
85 W+ 8211 WW production, processes 61-64, 69 R 3 |

8.21.2 WW4jet production, process 66
86 W+t 8.21.3 WZ production, processes T1-80 ... 3l
87 W41l 3214 2Z production, processes 81-84, 86-90 ce. 32
88 W+& 8.21.56 ZZ4+jet production, process 85 ... 32
P 8.21.6 Anomalous couplings

8.9 W 50 Wi production, processes 91.94, 9699 .- 33
8.10 W + £8.23 ZH production, processes 101-109 . 8.47 Z~v production processes, 301, 306
8.11 Z-bos 324 Higes production, processes 111-121 8.48 Z+j, production, processes 302, 307

8.25 H — W*W" production, processes 1 8 49 Zaa i and Zvjj, 303, 304, 308 and 309

8.12 Z-b0S826 H + b production, processes 131-133 . -
8.13 tf prov 8.27 tf production with 2 semi-leptonic de 8.50 W+ Q+ Jet productlon PrOCEsSes 311-326

814 Z+ i 8.28 #f production with decay and a gluon 8-51 W + ¢+ jet production, processes 331, 336
e J€8.29 1 production with one hadronic dec 8.52 Z + Q+jet production, processes 341-357
8-15 Z + 2 8.30 W produttion, processes 157-159. . 8-53 8 — ‘V+, prm 361_363

8.31 i+ jet production, process 160 . . . . s :
8.16 Z+3 8.32 Single top production, p 161, 854 W+ Q production in the 4FNS, processes 401-408

8.33 Wt production, processes 180-187 . . 599 W + Q production in the 5FNS, processes 411, 416
8.31 H+ jet production, processes 201-21 8.56 W 4+ @ production in the combined 4FNS/5FNS, processes
8.35 Higgs production via WBF, processes 421, 426

8.36 v~ production, process 221 . . . . 33 :
$.37 t-channel single top with an explicit 4 8.57 W 4 bb+ jet production, processes 431,436

8.38 W*W*4jets production, processes 2! 8.58 'V_'*' tt pw 500-516
8,39 Z + Q production, processes 261-267 8.59 Ztt produguon, processes 529-533
8,40 H + 2 jet production, processes 270-{ 8.60 Ht and Ht production, processes 540557

841 H +3 jet production, processes 275-2 8 61 Zt and Zt production, processes 560-569

8,42 Direct 7y production, processes 28024 'y .
8.43 Dircct - + heavy flavour production, 8.62 Htt production, processes 640-660

8.44 y production, processes 285286 . . 5.63 Dark Matter Processes Mono-jet and Mono-photon 800-848 . .
8.45 W production, processes 290-297

8.45.1 Anomalous WW+ couplings
8.46 Z~, production, processes 300, 305

8.46.1 Anomalous ZZ+ and Z4+ couplings
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PHILOSOPHY DIFFERENT FROM MCFM

Downloadable general purpose NLO code [Campbell, Ellis, Williams+collaborators]

8.1 Wobor B production, proces 30 - - -+ 30

82 W+ jsis z+m production (my = 0), processes 51-53 c.. 30
8.3 W + 1819 Z + bb+ jet production (my = 0), process 54 - 1 |
8.20 Z + e production (m, = 0), process 56
84 W+ (821 Di-boson production, processes 61-89 cee 3l
85 W+ 8211 WW production, processes 61-64, 69 R 3 |
8.21.2 WW4jet production, process 66
86 W+t 8.21.3 WZ production, processes T1-80 ... 3l
87 W+t 8.21.4 ZZ production, processes 81-84, 86 90 c.o. 32
88 W+& 8.21.56 ZZ4+jet production, process 85 ... 32
P 8.21.6 Anomalous couplings
89 W+ “8.22 WH production, processes 91-94, 9690 . I 33
8.10 W + £8.23 ZH production, processes 101-100 . 8.47 Z~y production processes, 301, 306

8.11 Z-bos 324 Higes production, processes 111-121 8.48 Z+j, production, processes 302, 307
8.25 H — W*W" production, processes 1 8 49 Zaa i and Zvjj, 303, 304, 308 and 309

8.12 Z-b0S826 H + b production, processes 131-133 . .
8.13 tf pro@.27 i production with 2 semi-leptanic do 500 W + Q-+ jet production processes 311-326

814 Z+ i 8.28 #f production with decay and a gluon 8-51 W + ¢+ jet production, processes 331, 336
y J€5.29 tf production with one hadronic decs 8.52 Z + Q+jet production, processes 341-357
8.15 Z + 2830 QQ production, processes 157-159. . 8 53 ¢5 — W+, processes 361-363

8.31 tt+ jet production, process 160 . . . . s :
8.16 Z+3 8.32 Single top production, p 161 854 W+ Q production in the 4FNS, processes 401-408

8.33 Wt production, processes 180-187 . . 599 W + Q production in the 5FNS, processes 411, 416
8.34 H+ jet production, processes 20121 8.56 W 4 Q production in the combined 4FNS/5FNS, processes
8.35 Higgs production via WBF, processes 421, 426

8.36 v~ production, process 221 . . . . T .
$.37 t-channel single top with an expicit 4 8.57 W 4 bb+ jet production, processes 431,436

8.38 “,4“f¢+1m prodmlon. l” CPESOS 2} 8-58 ‘Vj‘ t{ pm 5%*5]6

8.39 Z + Q production, processes 261-267 8.9 Ztt produc_uon, processes 529-533

8,40 H + 2 jet production, processes 270-{ 8.60 Ht and Ht production, processes 540557

g:; g' :‘: j"‘p:’o':"?i""» "“"‘""“‘282;5'; 8.61 Zt and Zt production, processes 560-569
. v uction, processes y . .

8.43 Dircct - + heavy flavour production, 8.62 Htt production, processes 640.660

8.44 y production, processes 285286 . . 8.63 Dark Matter Processes Mono-jet and Mono-photon 800-848 . .

8.45 W production, processes 290-297
8.45.1 Anomalous WW+ couplings
8.46 Z~, production, processes 300, 305
8.46.1 Anomalous ZZ+ and Z4+ couplings

overall 50+ processes

First results implemented in 1998 ..this is | 3 years worth of work of several people (~5M$)
Cross sections and parton-level distributions at NLO are provided

One framework, however, each process implemented by hand.
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PHILOSOPHY DIFFERENT FROM MCFM
Downloadable general purpose NLO code [Campbell, Ellis, Willlams+collaborators]

8.1 W-bosnn r'\rndnnﬁnn. nracocene 1 A I 30
ra s 8]7 Z + bb production, process 50
82 W+ J'8.18 Z + bb production (my = 0), processes 51-53 ... 30
8.3 W + 1819 Z + bb+ jet production (my = 0), process 54 B, .. 31
’ 8.20 Z + e production (m, = 0), process 56
84 W+ (821 Di-boson production, processes 61-89 SR
85 W+ 8211 WW production, processes 61-64, 69 R 1 |
4 8.21.2 WW4jet production, process 66
8.6 “r +i 8.21.3 WZ production, processes 71 80 ... 3l
8.7 W+l 3214 22 production, processes $1-84,86.90 . . .. ..... 37+ « » 32
88 W+& 8.21.5 ZZ4jet production, process 85 ... 32
IR 8.21.6 Anomalous couplings
89 Wi .22 WH production, processes 91-94, 9699 = an > ot ot 33
8.10 W + £8.23 ZH production, processes 101-100 . 8.47 Z~+ production processes, 301, 306
8.11 Z-bos 324 Higgs production, processes 111-121 8.48 Z+vj, production, processes 302, 307
8.25 H — W*W" production, processes | 8.49 Z~~j and Zvjj. 303, 304, 308 and 309

8.12 Z-b0s§26 H + b production, processes 131-133 . -
813 u_ prov 8.27 tf production with 2 semi-leptonic de 8.50 W+ Q+ Jet productlon PrOCEsSes 311-326

814 Z+ i 8.28 tf production with decay and a gluon 8.91 W + ¢+ jet production, processes 331, 336
: - T J€329 1 production with one hadronic decay 8.52 Z + Q+jet production, processes 341-357
8.15 é + 2 8.30 W ptodudiun. processes 157-159 . . 8.53 8 — "”.‘ processes 361-363

8.31 tt+ jet production, process 160 . . . 7 PO AEN ) ;
8.16 Z+3 8.32 Single top production, processes 161 8.5!3 H/ +Q productfon in the :F.\-S' processes 401-408
8.33 Wt production, processes 180187 . . -9 W + @ production in the 5FNS, processes 411, 416
8.34 H+ jet production, processes 20121 8.56 W 4 Q production in the combined 4FNS/5FNS, processes
8.35 Higgs production via WBF, processes 421, 426
8.36 r*r~ production, process 221 . . . . 7 a3 : ARAR
8.37 t-channel single top with an explicit gg; ::, N :th+ - pmd;(;:;osnl’ﬁpm 431,436
8,38 WTW* 4 jets production, processes 2| - _+ proc?sses
8.39 Z + Q production, processes 261-267 8.99 Ztt production, processes 529-533
8.40 H + 2 jet production, processes 2701 8.60 Ht and Ht production, processes 540-557
g-ﬁ :)" ¥ 3‘5"‘,:0’3""‘?“"' Wzg&; 8.61 Zt and Zt production, processes 560-569
4 rect uction, processes y . s
8.43 Direct 7y + heavy flavour production, 8.62 Htt productlor)l, processes 640. 660
8.4 7y production, processes 285286 . . 8.63 Dark Matter Processes Mono-jet and Mono-photon 800-848 . .

8.45 Wy production, processes 200297 . . . . . .. .. L. ... .. 52
8.45.1 Anomalous WWo couplings . . . .. ... .. ..... 52
8.46 Z~v, production, processes 300, 305
8.46.1 Anomalous ZZ+v and Z4v couplings

overall 50+ processes

First results implemented in 1998 ..this is | 3 years worth of work of several people (~5M$)
Cross sections and parton-level distributions at NLO are provided

One framework, however, each process implemented by hand.
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PHILOSOPHY DIFFERENT FROM MCFM

Downloadable general purpose NLO code [Campbell, Ellis, Williams+collaborators]

8.1 Wobor B production, proces 30 - - ... 30

82 W+ jsis z+m production (my = 0), processes 51-53 c.. 30
8.3 W + 1819 Z + bb+ jet production (my = 0), process 54 - 1 |
8.20 Z + e production (m, = 0), process 56
84 W+ (821 Di-boson production, processes 61-89 cee 31
85 W+ 8211 WW production, processes 61-64, 69 R 3 |
8.21.2 WW4jet production, process 66
86 W+t 8.21.3 WZ production, processes T1-80 ... 3l
8.7 W+l 3214 22 production, processes 81-84, 8690 ca. 32
88 W+& 8.21.56 ZZ4+jet production, process 85 L. . 32
P 8.21.6 Anomalous couplings
89 W+ “8.22 WH production, processes 91-94, 9690 = A 33
8.10 W + £8.23 ZH production, processes 101-109 . 8.47 Z~7 production processes, 301, 306

8.11 Z-bos 324 Higes production, processes 111-121 8.48 Z+j, production, processes 302, 307
8.25 H — W*W" production, processes 1 8 49 745 and Zvjj, 303, 304, 308 and 309

8.12 Z-b0S826 H + b production, processes 131-133 . -
8.13 tf pro@.27 i production with 2 semi-leptanic do 500 W + Q-+ jet production processes 311-326

814 Z+ i 8.28 tf production with decay and a gluon 8.51 W + ¢+ jet production, processes 331, 336
L T J€529 t production with one hadronic decx 8.52 Z + Q+jet production, processes 341-357
8.15 Z + 2 8.30 QQ production, processes 157-159 . . 8 53 5 — W+, processes 361-363

8.31 tt+ jet production, process 160 . . . . . .
8.16 Z+3 8.32 Single top production, p 161 854 W+ Q production in the 4FNS, processes 401-408

8.33 Wt production, processes 180-187 . . 599 W + Q production in the 5FNS, processes 411, 416
8.34 H+ jet production, processes 20121 8.56 W 4 Q production in the combined 4FNS/5FNS, processes
8.35 Higgs production via WBF, processes 421, 426

8.36 r*r production, process 221 . . . . T .
8.37 t-channel single top with an explicit ¢ 8.57 W + bb+ jet production, processes 431,436

8.38 W*W*4jets production, processes 2! 8.58 ‘V_+ tt processes 500-516

8.39 Z + Q production, processes 261-267 8.599 Ztt production, processes 529-533

8.40 H + 2 jet production, processes 2701 8.60 Ht and Ht production, processes 540-557

g-‘:; :)’l + 3‘ 5‘*‘:0':“"?‘“"» l‘“’“""“‘zs?gs'; 8.61 Zt and Zt production, processes 560-569

.43 Direct 3 ! hmy";;‘;;mmm 8.62 Htt production, processes 640-660

8.44 y production, processes 285286 . . 8.63 Dark Matter Processes Mono-jet and Mono-photon 800-848 . .

8.45 W production, processes 290-297

8.45.1 Anomalous WWo couplings . . . .. ... .. ..... 52
8.46 Z~, production, processes 300, 305

8.46.1 Anomalous ZZ+ and Z4+v couplings

overall 50+ processes

First results implemented in 1998 ..this is | 3 years worth of work of several people (~5M$)
Cross sections and parton-level distributions at NLO are provided

One framework, however, each process implemented by hand.
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[M.Backovic, KKong, M.McCaskey 1308.4955]

IT’S NOT ALL ABOUT COLLIDERS:
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[M.Backovic, KKong, M.McCaskey 1308.4955]
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MadDM can compute the freeze-out temperature

( by iteratively computing the dark matter number
density at progressively lower temperatures )
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IT°’S NOT ALL ABOUT COLLIDERS: QMadDM
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MadDM can compute the freeze-out temperature

( by iteratively computing the dark matter number
density at progressively lower temperatures )

The dark matter relic density computed by MadDM (in black) is
compared to the one obtained by MICROMEGAS (in red) for this
case-study of the SM plus a real scalar of mass ms and coupling 8.
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NOT ALL ABOUT COLLIDERS: eMadDM
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MadDM can compute the freeze-out temperature

( by iteratively computing the dark matter number
density at progressively lower temperatures )

® Model dependent piece are the annihilation
process matrix elements by MG5_aMC:

= BSM flexibility comes “for free”

= Soon loop-induced annihilation supported
too (or even NLO accuracy in decays :)
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The dark matter relic density computed by MadDM (in black) is
compared to the one obtained by MICROMEGAS (in red) for this
case-study of the SM plus a real scalar of mass ms and coupling 8.
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A LOOK AHEAD

* On-going developments :
* automatic BSM including EFT
* automatic computation of EW corrections

* On a longer term perspective, NNLO is the big challenge.

» On-going applications (just a taste):

» PDF fits and extraction with NLO and NLO+PS (via APPLgrid)
» Study of loop-induced processes

 Dark Matter Pheno : loops and NLO
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AUTOMATIC, ACCURATE AND AUGMENTING
MC'S AT COLLIDERS

Free to Pheno
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MC'S AT COLLIDERS
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Free to lunch!
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BACK UP SLIDES
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NLO+PS IN A NUTSHELL

do™HOS = dD B (P p) [As(prfin) +dPg s zg((g ;)) AS(pT(CI)))} +d®r R/ (PR)

< >

with integrates to | (unitarity)

B — B((I)B) T |:V((I)B) 1 /dq)R|BRS((I)R|B):| Full cross section (if F=1) at fixed Born

kinematics

R(®R) = R*(®r) + R/ (®p)
This formula is valid both for both MC@NLO and POWHEG

MC@N LO RS((I)) _ P((I)R|B) B((I)B) Needs exact mapping (Pp,dPr) =P

F=1 = Exponentiates the Real.

POWH EG RS((I)) — FR((I)) 7Rf((I)) — (1 — F)R((I)) It can be damped by hand.
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