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Plan

Madgraph5 aMC@NLO
® Examples:
® Charged Higgs production
® Spin 2
e Jop FCNC

® Final remarks
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FeynRules

Input : model.fr

utput : vertices
o C.Degrande



FeynRules outputs

FeynRules outputs
can be used
directly by event
generators

UFO : output with the
full information
used by several

generators
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UFO

Generator independent output with full model
information

Contains the list of particles, parameters,
vertices, decays (lto 2), coupling orders

vertices are split into Lorentz structures, colours
and couplings and all are included in the model!

_igs TZC; T
Used in MG5, Herwig, Gosam, Sherpa
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Madgraph5 aMC@NLO

Automated NLO computation

mlon of the born - “ e O

K Computatlon of the real f‘

e Computatlon of the Ioop ,ull' “

MadLoop

o Mahlng W|th Parton
shower ‘a la> MC@NLO
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MadLoop

AlTloor =N "d; Box; + » ¢; Triangle; + » b; Bubble,

+ Z a; Tadpole, + R

® Box, Triangle, Bubble and Tadpole are known
scalar integrals

® | oop computation = find the coefficients

® Tensor reduction (OPP)

® UV counterterm vertices have to be provided
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To be provided : R;

1 _ N (g _ _
d9g—— (a) , D; = (G + pi)° — n?

1 N (q
Rs = lim I /ddﬁ_ — (4 q,_e)
e—0 (27-‘-)

Finite set of vertices that can be computed once
for all
C. Degrande



R2 example

Do = ¢
Dy = (G+m)’
Dy=(+py? | tHooftVeltman
scheme
N@ = ¢ {35 @ +me) w (@2 +m) 7} 7 s = d,
= ¢ {3(@1 + me) (@2 + me )y’ 7 = d1,

— (@1 = Mm@z — me) + €¢° Y — v’ |
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Computed in MadlLoop :R|

Due to the & dimensional parts of the denominators

Like for the 4 dimensional part but with a different set of
integrals

~2 -2 2
n- 4 e s o (P py)
d"g—— = ——— |m; _ O
/ quD] 9 mz+mj 3 + (6)7
~2 -2
_ q (I
Ig=—t— = - 40
/ "D,D. D, y 7O,
~4 2
_ q (I
gt = — 40
/ "D,D, D, D, g O

Only R = Rj+R; is gauge invariant [ > Check
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Relations fixed by the Lagrangian (finite part)‘

Finite set of vertices that can be computed once
for all

C. Degrande



Renormalization

External parametersl
rxo — T+ ox,

1 1
do = (L+50Zpp)¢ + > 50ZexX

Same for the conjugate field

Internal parameters are renormalised by replacing the
external parameters in their expressions

qq (140Z44)TL
gqg (Z 1(5(13 + 35Zgg TL '> Fixed by
9999 (1 + 5048 +20Z4,)TL
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Renormalization conditions

On-shell scheme (or complex mass scheme):

Renormalized mass = Physical mass

Two-point function vanishes on-shell (No external
bubbles)

)
N

8ij (P — ma) +i [f1; (0°) pr— + 15§ (0°) pre + 157 (0%) 7= + 157 (07) 74 ]

R lej <p2) mi T f’SR (p2): p2=m?2 = 0
RIS G ms 1500 =
: [2m % (i (%) + £l (07)) ma o+ S35 (0°) + S35 (0) )+ i )+ FE )| |, = O

Similar for the vectors and scalars
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Renormalization conditions

On-shell scheme (or complex mass scheme):

Renormalized mass = Physical mass

Two-point function vanishes on-shell (No external
bubbles)

8ij (p —my) + i [f (0) prv— + £ (0°) prs + £5F (0%) 7= + £57 (0°) 4]
Js @ mee 5760, = ¢
PUse) me o], = o
J i 105 02) 4 5 00 me 535 %) + 137 090+ 75 ) + 22 69) )|, = 0
Similar for the vectors and scalars
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Renormalization conditions

Zero momentum scheme available for the gauge couplings
Lrpyv (P1,p2) = 9Ty, f, [7“ (%g + 1(SZVV + lézﬁF + %5Z£F + %5ZV’V)

+7"75 ( 073 — —5ZFF + 5ZV V)

¢ 2m 2m
0og 1

Y T 30%vv 5ZFF + 5ZFF + 7 3g02vv + R (0 +17(0) = 0

= 0.

- Only from |

§5Z§F (5ZFF+ (5ZV/V+h (0)

‘ By gauge invariance
== - : o —————— e '
{ / i . j
‘;‘ ; + 35 5ZVV _l_ 5ZV’V - —g5ZV/V =0 }} | tWO'PO'ﬂt
e * ‘ | funct|ons
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Renormalization conditions

Zero momentum scheme available for the gauge couplings

0

. 1 1 1 !
Pepy (Pr,p2) = igTy, p, [W (?9 + 502vy + 5025 R + 5025k + %5ZVIV)

+ (v“hv (K?) +7Hysh (B2) + (p1 —P2)" s (k%) + W (k:2)> }

¢ 2m 2m
0og 1

Y T 30%vv 5ZFF + 5ZFF + 7 3g02vv + R (0 +17(0) = 0

= 0.

- Only from
two-point

g/
iéZﬁF - 5525}? + ﬁ(szv,v + b (0)

By gauge invariance

functlons




BSM@NLO

® (Goal :Automate the one-loop computation
for BSM models

® Required ingredients :
~ ® Tree-level vertices Done(FeynRules)

® R2 vertices (OPP)

Missing

® UV counterterm vertices

* Solution :UFO at NLO |

C. Degrande



How does it work!?

FeynRules
Renormalize the Lagrangian
model.gen
FeynArts
Write the amplitudes

NLOCT.m
Compute the NLO vertices
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How does it work!?

FeynRules

Renormalize the Lagrangian

Mo e .MO
i model.gen L‘ ﬁmOdel nlol
FeynArts
Write the amplitudes

NLOCT.m
Compute the NLO vertices

|
\
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How does it work!?

FeynRules

Renormalize the Lagrangian

Mo e .MO
i model.gen L‘ ﬁmOdel nlo‘
FeynArts
Write the amplitudes

NLOCT.m \
Compute the NLO vertices
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How does it work!?

FeynRules :

Lren = OnShellRenormalization] LSM , QCDOnly ->True];
WriteFeynArtsOutput[ Lren , Output -> "SMrenol",
GenericFile -> False]

FeynArts / NLOCT :

WriteCT[ "SMrenolL/SMrenol”,  "Lorentz", Output->
“SMQCDreno”, QCDonly -> True]

C. Degrande



How does it work!?

FeynRules :

Lren = OnShellRenormalization] LSM , OCDOnly ->True];
WriteFeynArtsOutput[ Lren , Output -> "SMrenol",
GenericFile -> False] o

FeynArts / NLOCT :

WriteCT[ "SMrenoL/SMrenoL" ' "Lorentz", Output->
“SMQCDreno’, only -> True]
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How does it work!?

FeynRules :

Lren = OnShellRenormalization] LSM 'QCDOnIy ->True];
WriteFeynArtsOutput[ Lren , Output -> "SMrenoL", |

GenericFile -> False]

FeynArts / NLOCT :

WriteCT[ "SMrenol/SMrenol” "Lorentz", Output->
“SMQCDreno”, QCDonly ->True]

C. Degrande



How does it work!?

FeynRules :

Lren = OnShellRenormalization] LSM , QCDOnly ->True];
WriteFeynArtsOutput[ Lren , Output -> "SMrenol",
GenericFile -> False]

FeynArts / NLOCT :

WriteCT[ "SMrenolL/SMrenol”,  "Lorentz", Output->
“SMQCDreno”, QCDonly -> True]

FeynRules :

Get['SMQCDreno.nlo"];

WriteUFO[ LSM, UVCounterterms -> UV$vertlist
R2Vertices -> R2%vertlist]

ahde



How does it work!?

FeynRules :

Lren = OnShellRenormalization] LSM , QCDOnly ->True];
WriteFeynArtsOutput[ Lren , Output -> "SMrenol",
GenericFile -> False]

FeynArts / NLOCT :

Nrite "SMrenoL/SMrenolL”,  "Lorentz", Output->
“SMQCDreno/, QCDonly -> True]

FeynRules :

Get["SMQCDreno.nlo"|;
WriteUF : ounterterms -> UV$vertlist

R2Vertices -> R2%vertlist]

ahde



Restrictions/Assumptions

® Renormalizable Lagrangian, maximum dimension of
the operators is 4

® Feynman Gauge
¢ {fY,ua fY5} =0
® ‘t Hooft-Veltman scheme

® On-shell scheme for the masses and wave
functions

® MS by default for everything else (zero-momentum
possible for fermion gauge boson interaction)

C. Degrande



Restrictions/Assumptions

® Renormalizable Lagrangian, maximum dimension of
the operators is 4 —pEFT with max 4F

® Feynman Gauge —Pany gauge
® {/Y,Lba fYE)} =0
® ‘t Hooft-Veltman scheme

® On-shell scheme for the masses and wave
functions

® MS by default for everything else (zero-momentum
possible for fermion gauge boson interaction)

—»MZ scheme for EW coup@%egrande



EFT at NLO (QCD)

B. Grzadkowski et al, JHEP 1010 (2010) 085

XS g06 and S041)2 7702903
Qc | [APCGGErGSr || Q, (0Tp)? Qey (0T0) (lperp)
& | FAPCGIGEGSE | Qun | (¢lo)O(elp) Qu, ot 0) (G, )

Qw | eEWIWIrWEr | Qup | (9'D'0)" (¢'Dypp) | Quyp
IIKx/ IvyasJ K
Q-+ € WM WVpr“

X2g02 @DQXQO w2§02D

Qec |  loGAG™ | Quv | (Loe)mioW], | QY | (¢fiD,)(ln*l,)
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o oG, G | Qep | (Lo e) B, QY | (¢fiD] o)(l,r y,)

<

Qow | ploW W N Qua | (o™ Tu)p G, || Que | (01D, )
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EFT at NLO (QCD)

B. Grzadkowski et al, JHEP 1010 (2010) 085

X3 0% and @*D? 23
Qc | fAPCGGIrGSH | Q, (0T0)% Qep | =mmmiegplegssrchmeomss—
g | FAPOGGRGEE | Qun " Que | (£'0)(Gud)
Qw Qag (") (@pdrp)
v No QCD particlel
P X —
Qo Qew | e, )rIgW | QY
Quc Qe | Mt eToBy | Q4
Qow Que | (Go" T )G, || Qpe ) (€
Qi Quw | (@™ u )T GWi, | Qu | (11D, 0)(@"a)
o Qus | @o"w)PB. | QY | (AiD] 9@ ")
Q5 Quic | (o™ T d) e Gy, | Quu (SOTiBu o) (Upyu,)
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EFT at NLO (QCD)

B. Grzadkowski et al, JHEP 1010 (2010) 085

X3 0% and @*D? 23
Qa ‘_‘fABCG;i‘”Gf”GS“) o (¥Tp)° - Qep | ——tebppttipersi—
G | FECGRGIGS | Qun " Que | (F0)(GurP)
Qw Qay (010) (@)
QW ¢2 m
X -

e Qew

Qg&é QeB

Qow Quc

Qi Quw

Qon QuB
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Qow B Qaw
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EFT at NLO

(

In the loop: (¥ 0)(Gu, ¢

\ YLV 3
@\ same as SM (D, o)

LY

FABC (Av (Bp (3O More momenta: higher rank
ol G: (1AnY " of the integral numerator
" (NLOCT/MadLoopv)

Additional gamma algebra

_ 'LWTA . NGA
(NLOCTV) (G L) G
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EFT at NLO

(LL)(LL) (RR)(RR) (LL)(RR)
Qu (Ll ) (L") Qee (Epyuer) (€t er) Qie Lyl ) (EsyPer)
o (@ Yuar) (@Y ) Quu (Upyuur ) (UsyH uy) Q. (Lp Yyl ) (Tsy"uy)
é?&) (@Y. 0) (@' ' @) || Qua (dyy,ud,) (dsy*dy) Qd (Lyyuly) (dsrydy)
W G @) | Qe | Ere) @y ) | Que | (G7ue) (B er)
D G )@ T ) || Qea | (@vuer) (dsytdy) w | (@) (@ )
QW | (@) (diydy) o | (@vuT a,) (@ TAu,)
QW) | (@ T u ) (dey* TAdy) || QW | (Gyvuar) (diydy)
Q%) | (@, Tq)(dsy"T4d,)
(LR)(RL) and (LR)(LR) B-violating
Qedq (e, ) (dsqf) Quug e [(d2)TCul] [(g2) T Clf]
QW il (@ue(@d) | Qua ePe [(ap7)Cal*] [(u))" Cer]
QW <qg,TAur>eJk< STAdy) || Qb e jmn [(q57)TCql*) [(q7™)TClp]
Qe | Ber)ejul@uy) son P (1) i (T7€)mn [(057)7C ¥ [(q7™)TClY)
Q2. | (Bouwe)ein(@o™u) | Qau o9 [(d2)TCu] [(u2)TCey]
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EFT at NLO

(LL)(LL) (RR)(RR) (LL)(RR)
Qu | ==l || (), | —lBpemopapabior— || Q) | byt o —
W | @) @) | Que | (@) @) | Q| Gyde) (@ )
é?c}) (@Y. 0) (@' ' @) || Qua (dyy,ud,) (dsy*dy) Qd (Lyyuly) (dsrydy)
o) (Ll ) (T 1) Qeu (epyuer) (s ur) Qqe (@pyuar)(Esv"eyr)
D G )@ T ) || Qe | (Eveen) (dertdy) w | (@) (@ )
QU | (Gyyuun)(dsydy) o | (@vuTa,) (@ TAuy)
QW) | (@ T u ) (dey* TAdy) || QW | (Gyvuar) (diydy)
Q%) | (@, Tq)(dsy"T4d,)
(LR)(RL) and (LR)(LR) B-violating
Qedq (Be,)(duqf) Quug e [(d2)TCul] [(g2) T Clf]
Quuna | (@u)ejnl(@d) || Qg =e, [(g57)T Cqf*] [(u))" Ce]
Q'pond @ )@ T i e jremn [(g57)TCql] ()T O]
QW1 (Be)em(@uy) bt (1) (7€) mn [(427)T CaP¥] [(a2™) T CLY]
QY | (Howe)em(@ o™ u) | Quu 287 [(d)TCuf] [(u))7 Ce]
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EFT at NLO

(LL)(LL) (RR)(RR) (LL)(RR)
Qu | —=thpambrrbgib— || Q.. | —tOpmomipmben— || Q. | =l Epor—
W | @) @) | Que | (@) @ru) | Q| (pyde) (@ )
Ez?c)z) (@ Va4 ) (@ T @) || Qad (dpy,dy ) (dsytdy) Qua Lyl ) (dy™dy)
Qly <W @7 a) || Qe | Euen) @y u) || Que | (Guar) (@7 er)
0 | (1)@ 7'a) )| Qe | (Eer)(drdy) w | (@) (@)
. QW | @) dard) | Q) | (@ e @ T )
Same as SM\ Q% | @y T4, (dyTAdy) | QY | (Gvuer) (diydy)
| = Q%) | (@, Tq)(dsy"T4d,)

(LR)(RL) and (LR)(LR)

B-violating

Qleda
Qhnd
Qi
Qi
Q.

(l_jer) (quf) Qduq

(@u)em(@d) | Quau P, [(g2f
<q;,TAur>ejk< STAdy) || Qb eIk [(

(Her)eju(qhu) s (7€) 1 (77 )mn [
(Bower)ein(TEo™ u) || Qauu

e Mgy [(d)TCuf] [(g)7) " ClF]

qy7) " Cq*] [(q7m) " Cly |
ap?)" Cq*] [ (a7
e [(d)TCul | [(u])" Cey]

™l
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EFT at NLO

(LL)(LL) (RR)(RR) (LL)(RR)
Qu | bbbt | Qo | —lpappeiader— || (), | oy oaer—
0 (@7 2r) (57" ) Quu (@ Quu (LpYulr) (W )
Ez?c)z) (@ Va4 ) (@ T @) || Qad (dpy,dy ) (dsytdy) Qua Lyl ) (dy™dy)
Q| G @) | Qu | @)@y w) | Que | (Gar)(E )
| MGyt 157" 4) )| Qed (Epyuer) (dsy™dy) w | (@rua) (@ )
— QY @raddard) | O | @)@ T
Same as SM\ Qi | @ T ) (do TA) || Qs | (@a,) (A ds)
| = Q%) | (@, Tq)(dsy"T4d,)

(LR)(RL) and (LR)(LR)

B-violating

Qzedq (l_j 67“) (quf ) Qduq

QW | (@u)en(@d) | Qua eMe, (g5
QY , <qg,TAur>ejk< FTAd) | Qb Ve jkEmn [(
Qieve | (Ber)esn(@hue) o e (7€) (77 ) um [ (
QY. | (Bower )o@ o™ u) | Qau

e Mgy [(d)TCuf] [(g)7) " ClF]
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In MG5 aMC

Evanescent operators: O = (" T™u) (fy, T1)

pPI

p2

VY'Y Pr @ 1,1, Pr = E 4 (16 — 4as)y" Pr @ 7, Pr
VY Pr @ 97y Pr = B+ [4 - (12 — da)e]y" Pr @ 9, Pr
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EFT at NLO

® UV counterterms :

® Basis reduction needed for the anomalous
matrix (By Liam Moore)

® Check (R.Alonso, E. E. Jenkins, A.V. Manohar,
M. Trott, JHEP 1404 (2014) 159)

e MSbar : |/e from the amplitudes not from the
renomalization

® Running (UFO 2.0)
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R2 :Validation

® tested™ on the SM (QCD:P. Draggiotis et al.
+QED:M.V. Garzelli et al)

® tested™ on MSSM (QCD:H.-S. Shao,Y.-].
Zhang) : test the Majorana

*Analytic comparison of the expressions

C. Degrande



UV Validation

e SM QCD :tested* (W. Beenakker, S. Dittmaier,
M. Kramer, B. Plumper)

e SM EW :tested™ (expressions given by H.-S.
Shao from A. Denner)

*Analytic comparison of the expressions

C. Degrande



Tests in event generators

e aMC@NLO

e The SM QCD has been tested by V. Hirschi
(Comparison with the built-in version)

e SM EW (MZ scheme): comparison to published
results for ME by H.-S. Shao and V. Hirschi

e Various BSM

* gauge invariance

e pole cancelation

C. Degrande



SM QCD tests

e e—— — e

=== Finite ===
Process Stored ML5 opt  MLS5 opt MLS default Relative diff. = Result
dd~>w+w-g  -1.2565695610e+01 -1.2565705416e+01 -1.2565696276e+01 3.9018817097e-07 Pass

=== Born ===
Process Stored ML5 opt ~ MLS5 opt MLS5 default Relative diff. =~ Result
dd~>w+w-g  1.8518318521e-06 1.8518318521e-06 1.8518318521e-06 8.0617231411e-15 Pass

=== Single pole ===
Process Stored ML5 opt ~ MLS5 opt ML5 default Relative diff. = Result
dd~>w+w-g  -1.9397426502e+01 -1.9397426502e+01 -1.9397426504e+01 5.5894073017e-11 Pass

=== Double pole ===
Process Stored ML5 opt  MLS5 opt MLS default Relative diff. = Result

\\ dd~>wt+w-g  -5.6666666667e+00 -5.6666666667e+00 -5.6666666667e+00 3.0015206007e-14 Pass

T — = = —_—

=== Summary ===
I/1 passed, 0/1 failed=== Finite ===
Process Stored MadLoop v4 ML5 opt ML5 default Relative diff. =~ Result
d~d>agg -5.3971186943e+01 -5.3971193753e+01 -5.3971189940e+01 6.3091071914e-08 Pass
=== Born ===
Process Stored MadLoop v4 ML5 opt MLS default Relative diff. = Result
d~d>agg 6.4168774056e-05 6.4168764370e-05 6.4168764370e-05 7.5467680882e-08 Pass
=== Single pole ===
Process Stored MadLoop v4 ML5 opt MLS5 default Relative diff. =~ Result

d~d>agg -3.7439549398e+01 -3.7439549398e+01 -3.7439549397e+01 6.8122965983e-12  Pass
=== Double pole ===
Process Stored MadLoop v4 ML5 opt ML5 default Relative diff. =~ Result
d~d>agg -8.6666666667e+00 -8.6666666667e+00 -8.6666666667e+00 2.2443585452e-14 Pass

=== Summary ===
I/] passed, 0/ failed=== Finite ===
Process Stored MadLoop v4 ML5 opt ML5 default Relative diff. Result

d~d>zgg -5.3769573669e+01 -5.3769573347e+0| -5.3769566412e+01 6.7475496780e-08 Pass

C. Degrande



dd~>wtw-g

dd~>w+w-g

dd~>wtw-g

SM QCD tests

Process

Process

Process

|

| Process
' dd~>wtw-g
|

| Process

 dd~>wtw-g

Process
dd~>wt+w-g

Process
dd~>wt+w-g

__

Stored ML5 opt
-1.25656956 1 0e+01

Stored ML5 opt

1.8518318521e-06

Stored ML5 opt
-1.2565695610e+01

Stored ML5 opt
1.8518318521e-06

Stored ML5 opt
-1.9397426502e+01

=== F|n|te ===
MLS opt
-1.2565705416e+01

=== Born ===
MLS opt
1.8518318521e-06

ML5 default
-1.2565696276e+01 3.9018817097e-07 Pass |

ML5 default

Relative diff.

Relative diff.

Result

Result !
1.8518318521e-06 8.0617231411e-15 Pass !

=== Single pole ===
ML5 optg ’ ML5 default Relative diff. = Result
-1.9397426502e+01 -1.9397426504e+01 5.5894073017e-11  Pass
=== Finite === - o
ML5 opt ML5 default Relative diff. =~ Result
-1.2565705416e+01 -1.2565696276e+01 3.9018817097e-07 Pass |
=== Born ===
ML5 opt ML5 default Relative diff. = Result

1.8518318521e-06

1.8518318521e-06 8.0617231411e-15 Pass

Relative diff.

Relative diff.
-5 6666666667e+00 3 0015206007e- I4 Pass

Result
5.5894073017e-11

Result

=== Single pole ===
Stored ML5 opt  MLS5 opt ML5 default
-1.9397426502e+01 -1.9397426502e+01 -1.9397426504e+01
=== Double pole ===
Stored ML5 opt  MLS5 opt ML5 default
-5.6666666667e+00 -5. 6666666667e+00
d~ d >rzugfcgES 5.37695736696401 5 37695733476+01 -5.37695664126+0]  6.74754967806-08 Pass

C. Degrande
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SM QCD tests

Process
d~d>zgg

Process
d~d>zgg

Process
d~d>zgg

Process
d~d>zzg

Process
d~d>zzg

Process
d~d>zzg

Process
d~d>zzg

Process
gg>htt~

=== Born ===

Stored MadLoop v4 ML5 opt MLS default Relative diff. = Result

3.1531233900e-04 3.1531235770e-04 3.1531235770e-04 2.9654886777¢-08
=== Single pole ===
Stored MadLoop v4 ML5 opt MLS5 default Relative diff. =~ Result
-3.7464897007e+01 -3.7464897007e+01 -3.7464897007e+01 4.2333025503e-12
=== Double pole ===
Stored MadLoop v4 ML5 opt ML5 default Relative diff. =~ Result
-8.6666666667e+00 -8.6666666667e+00 -8.6666666667e+00 2.1316282073e-14
=== Summary ===
I/] passed, 0/ failed=== Finite ===
Stored MadLoop v4 ML5 opt MLS5 default Relative diff. = Result
-5.9990384275e+00 -5.9990511729e+00 -5.9990379587e+00 1.1013604745e-06
=== Born ===
Stored MadLoop v4 ML5 opt ML5 default Relative diff. =~ Result
2.2616997126e-06 2.2617000449e-06 2.2617000449e-06 7.3450366526e-08
=== Single pole ===
Stored MadLoop v4 ML5 opt MLS default Relative diff. = Result
-1.5469587040e+01 -1.5469587040e+01 -1.5469587040e+01 1.5226666708e-1 1
=== Double pole ===
Stored MadLoop v4 ML5 opt MLS5 default Relative diff. =~ Result
-5.6666666667e+00 -5.6666666667e+00 -5.6666666667e+00 2.664535259]e-15
=== Summary ===
I/1 passed, 0/ failed=== Finite ===
Stored MadLoop v4 ML5 opt MLS default Relative diff. = Result
2.9740187004e+01 2.9740187005e+01 2.9740187036e+01 5.3265970697e-10

Pass

Pass

Pass

Pass

Pass

Pass

Pass

Pass

C. Degrande



SM QCD tests

Process
gg>htt~
Process
gg>htt~
Process
gg>htt~
Process
gg>ztt~
Process
gg>ztt~
Process
gg>ztt~
Process
gg>ztt~
Process

dd~>wtw-g

=== Born ===
Stored MadLoop v4 ML5 opt
1.1079653971e-07 1.1079653974e-07

ML5 default
1.1079653974e-07

Relative diff. =~ Result
1.3190849004e-10 Pass
=== Single pole ===
Stored MadLoop v4 ML5 opt MLS5 default Relative diff. =~ Result
-7.0825709000e+00 -7.0825709000e+00 -7.0825709000e+00 5.0901237085e-13 Pass

=== Double pole ===
Stored MadLoop v4 ML5 opt ML5 default Relative diff. =~ Result
-6.0000000000e+00 -6.0000000000e+00 -6.0000000000e+00 1.7023419711e-15 Pass

=== Summary ===
I/1 passed, 0/ failed=== Finite ===
Stored MadLoop v4 ML5 opt MLS5 default
3.6409017466e+01 3.6409021125e+01 3.6409021117e+01

Relative diff. Result
5.0242920154e-08 Pass

=== Born ===
Stored MadLoop v4 ML5 opt ML5 default Relative diff. =~ Result
7.0723041711e-07 7.0723046101e-07 7.0723046101e-07 3.1039274206e-08 Pass

=== Single pole ===
Stored MadLoop v4 ML5 opt MLS default Relative diff. = Result
-7.1948086812e+00 -7.1948086773e+00 -7.1948086773e+00 2.7349789963e-10 Pass

=== Double pole ===
Stored MadLoop v4 ML5 opt MLS5 default Relative diff. =~ Result
-6.0000000000e+00 -6.0000000000e+00 -6.0000000000e+00 2.5165055225e-15 Pass

=== Summary ===
I/1 passed, 0/ failed=== Finite ===
Stored ML5 opt  MLS5 opt MLS default Relative diff. = Result
-1.2565695610e+01 -1.2565705416e+01 -1.2565696276e+01 3.9018817097e-07 Pass

C. Degrande



SM QCD tests

=== Born ===
Process Stored ML5 opt  MLS5 opt MLS default Relative diff. = Result
dd~>w+w-g  1.851831852]e-06 1.8518318521e-06 1.8518318521e-06 8.0617231411e-15 Pass
=== Single pole ===
Process Stored ML5 opt ~ MLS5 opt MLS5 default Relative diff. =~ Result

dd~>w+w-g  -1.9397426502e+01 -1.9397426502e+01 -1.9397426504e+01 5.5894073017e-11 Pass

=== Double pole ===
Process Stored ML5 opt ~ MLS5 opt ML5 default Relative diff. = Result
dd~>wt+w-g  -5.6666666667e+00 -5.6666666667e+00 -5.6666666667e+00 3.0015206007e-14 Pass

=== Summary ===
I/] passed, 0/ failed=== Finite ===
Process Stored ML5 opt  MLS5 opt MLS5 default Relative diff. =~ Result
d~d>agg -1.1504816412e+01 -1.1504816557e+01 -1.1504815497e+01 4.6089385415e-08 Pass
=== Born ===
Process Stored ML5 opt ~ MLS5 opt ML5 default Relative diff. =~ Result
d~d>agg 2.3138920858e-06 2.3138920858e-06 2.3138920858e-06 4.3012538015e-15 Pass
=== Single pole ===
Process Stored ML5 opt  MLS5 opt MLS default Relative diff. = Result
d~d>agg -2.8637049838e+01 -2.8637049838e+01 -2.8637049838e+01 1.5718407645e-13 Pass
=== Double pole ===
Process Stored ML5 opt ~ MLS5 opt MLS5 default Relative diff. = Result
d~d>agg -8.6666666667e+00 -8.6666666667e+00 -8.6666666667e+00 1.7421961310e-15 Pass
=== Summary ===
I/1 passed, 0/ failed=== Finite ===
Process Stored ML5 opt  MLS5 opt MLS default Relative diff. = Result
d~d>zgg -1.0306105482e+01 -1.0306105654e+01 -1.0306102645e+01 1.4600800434e-07 Pass

+2/3
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Test EVW

aa>tt~ ['QED'] == == ub>1td ['Q?D']Izz
aa>ttva ['QED'] == == U d~ >t b~ | ?ED ! —=
aa>wtw- ['QED'] == ==ug>tdb~v ['QED'] ==
ab>tw ['QED'] == == u u~>aa ['QED'] ==

d~ d > w+ w— ['QCD'] == == u u~ > e+ e- ['QED'] ==

d~ d > w+ w— ['QED'] == == u u~>9ga ['QCD QED'] ==
d~d > z z ['QCD'] == == U u~ >u u~ ['QCD QED'] ==
dN d > 7 7 [IQEDl] — == U U~ > U U~ a [IQCD QEDI -
e+ e- >t t~ a ['QED'] == == U Uu~>uu~g ['QCD QED'] ==
e+ e- >t t~ g ['QED'] == fi u u~ > w+ W_.[ QgD ] ==
gb>tw- ['QED'] == ==y u~>2za ['QED'] ==
gg>hh ['QCD'] == == u u~ >z z ['QED'] ==
gg>tty ['QED'] == == u~d>w-z ['QCD'] ==
gg>tt~yg ['QED'] == == u~ d > w— z [ ?ED ! ==
gg>ttyh ['QCD'] == == u~ U > w+ w— ['QCD'] ==
gg>ttvyh ['QED'] == == u~ U > w+ w— ['QED'] ==
hh>hh ['QED'] == fi U~ U > z Z [.QCD. fi
Lhn e e 2 e -

t t~ > w+ w- [ QED ] == —= Wt W— > h h [IQEDI] ——

Massive and massless b

C. Degrande



Future development

o UFO@NLO in Gosam (N. Greiner)
® DRED (asked by Gosam)
e UFO 2.0

C. Degrande



Plan

® Framework : From FeynRules to
Madgraph5 aMC@NLO

® Examples:

® Charged Higgs production
® Spin 2
e Jop FCNC

® Final remarks

C. Degrande



The Higgs discovery

%2000 ;_ CMS Preliminary ¢— S/B Weighted Data
I - _ 1 — S+B Fit

(91 800k ' : ; Iex t : :; :E g oeeees Bkg Fit Component

B1 L IS= eV, L=)0. e

120 140
m,, (GeV)
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The Higgs discovery

/\2000 L_ CMS pre“mmary ¢ S/B Weighted Data

I B . 1 — S+8 Fit
1800 's=7TeV,L=51f0" Bkg Fit Component
1

1Is=8TeV,L=53fb"

|+10
20

C. Degrande



Example |: Charged Higgs production

C. D,, M.Ubiali, M.Wiesemann and M.Zaro, |HEP 1510 (2015) 145
® Motivations :

® needed for the LHC current and future runs
® First searches in the high mass region
® Threshold region (With R. Frederix)

® 4F NLO fully differential matched with parton
shower

® Shape comparison with the 5F
C. Degrande



Example |: Charged Higgs production

5 Flavours 4 Flavours
® mp=0 (but mpy>0) ® my>0
® |n the PDF ® Not in the PDF
® |n the running of X ® Not in the running of X
® Handle collinear ® Contributiontob
logarithms observable at LO
® (X ® (>

C. Degrande



Example |: Charged Higgs production

PR/L = (1 :|2’75>/2

my
Yt/b = V2L

sm., On-shell sc. g2 3 My
5yt/b:\/§ Ut/b —i 5mt/b:_12ﬂ-2mt/b (;+4_610g ,utR)

MS sc. s _ _V2gimy
'.__Eb "= —

v 4m2€

Type-” ZHDM Vier- = —1 (ytPR ta1115 + yp Pr, tanﬁ)

Input : -FR model
-running of the b yukawa mass

Validation : -Comparison with S. Dittmaier, M. Kramer, M. Spira
and M.Walser, PRD 83 (2011) 055005
-Recover ttH

C. Degrande



Example |: Charged Higgs production

- 2 E
- - i yp2iPY8 F=4 :
: H™bt production at the 13 TeV LHC ‘\Ytz (x0.1)'PY8 Fea :
| 4FS, NLO (+Pythi Voo PY8F=1 x|
~ =200 GeVftanB=8 ¥y (x0.1), PY8F=1  x 3
- : yp?, fNLO —— ]
i v (x0.1), INLO —e— -
E o x - x -. x E
. .
E 1 1 1 1 1 1 | | .- E
£ yp2: Ratio over fNLO pxx XX KRN KIXHX R Xy
E_ 1 1 1 1 3% xI | | _E
Eytz:RatiooverfNLO XXX XXXXXX KX X%y ]
B M x " %]
e ey
3 | E

w -

1 2
log1o[pr(sys)/GeV]

o = Hr/3= 5 37 v/mli)? + pr(i)

MadGraph5_ aMCE@NLO

O per bin

Vb2, HW++ F=4
(x0.1), HW++ F=4
Vo2, HW++ F=1
y{ (x0.1), HW++ F=1  x
Y2, fNLO

yf (x0.1), fNLO

H bt production at the 13 TeV LHC y2

4FS, NLO (+Herwig++)
my=200 GeV, tanp=8

MadGraph5 aMC@NLO

§ yp2: Ratio over fNLO

1 1
xx"""xxxxxxx’—

mnJ#7mﬂHr’”ﬂr**AQLKé:;::L—eﬂ_h_—q_rlJ_j

=g

yi%: Ratio over fNLO

X X x XXX X x XX XXXy X

o

=

2 3
log4o[pr(sys)/GeV]
0.1 1
— S < lsh £ 58

F
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Example |: Charged Higgs production

o(my— = 200 GeV) [fb) 2 NLO N Reduced
b
. +17.8% +12.4% +52.2% +36.3%
Inclusive 50407 [foe 42437500 421270700 28.68700 00 TOP
+17.5% +12.2% +51.9% +36.1% I
~ FO 54T 3831 3826758 26.09° 30 leptonic
> 1jy  Pythia8 | 434471097 36.6711500  36.8170%0%  25.09130 1% de cay
Herwig+-+~_.|  42.64 36.04 36.08 24.61
+10.9% +6.5% +50.4% +35.0%
- FO. 11.55;%%5) 9.761110004%7 11.22;%%0 7.79;%%57%
> 2jp  Pythia8 12.557 0% 10.677 50 11737520 812707
Herwig++ 11.03 9.33 10.09 7.00
tanj =9 # K-factor
NLO LO
o(my- = 600GeV) [fb
(s ) [ v vi Y vi
. +20.3% +13.1% +54.9% +40.1%
Inclusive 24007557 21177 08 179475000 1.3397 5. 2o
+19.9% +12.6% +54.7% +39.9%
- FO. 2.187;%88;) 1.925;%%% 1.649;%%0 1'232128'8?
> 175 PYTHIAS 21157590, 1.86971 0,  1.60175500, 119775 o
HERWIGH+ 2.077 1.836 1.570 1.175
+12.6% +5.9% +53.8% +39.2%
- FO. 0.6301120%  0.548T29%  0.5481238%  0.413739-2%
> 2j,  PYTHIAS 0.697118-7%  0.61119.8%  0.5881323%  0.443139-5%
HERWIGH+ 0.602 0.532 0.498 0.376

C. Degrande



Example |: Charged Higgs production

¥+ renorm.

1077 ¢

o per bin

1072 |
1078 |

1074 |

: NLO =
H'bt production at the 13 TeV LHC 1o .
LO/NLO(+Pythia8, F=4) NLO+PY8
mp-=200 GeV, tan=8, 4FS LO+PY8 ... B
2

| |
[ ] e . N
B

anti-kt R=0.4 pt>25GeV Inl<2.5

o
n
b=
=]
a
1 a 111 1 L1 1 11l
MadGraph5_ aMC@NLO

= yp2: Ratio over

; Vt2

: Ratio over NLO+PY8
YL LL LN N

o =

PS effects

1072 ¢
- Hbt production at the 13 TeV LHC

LO/NLO(+Pythia8, F=4)
my-=200 GeV, tanp=8, 4FS

fNLO =
fLO =@
NLO+PY8
LO+PY8 ---..-

MadGraph5_ aMC@NLO

0.5 | o

1.25 Ly Rlatio over NLOI+PY8 ' '
1E .
0.75 £
05 --ﬁm . -

. | . | . | | | =
1.25 £ E
1E
0.75 &£ ....I..-!--..!----:-ﬂ-n-ugu..ﬂ-n-n.ﬂﬂ.u.uﬂ.u.'.:'.E.D.HF.F_HP.E.?.E---P__......----__.._j
. |

ulnuuuﬂluu | |
;! 40 60

pr(b2) [GeV]

FO~PS

]
80 100 gy 120
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Example |: Charged Higgs production

- O(ypy1) / o(all)

0.06

0.05 -

0.04 -

0.03

0.02

0.01

Interference : < mg

H™bt production at the 13 TeV LHC
4FS >

my-=200 GeV LO ----..
my-=600 GeV LO -.....
my-=200 GeV NLO —
my-=600 GeV NLO ——

MadGraph5 aMC@NLO

0.1

tanB

Other terms
are enhanced

107 ¢

0.1
0.08 [
0.06 +
0.04 |
0.02 |

o~ ]

H bt production at the 13 TeV LHC Yo LO == :

Vi LO i

4FS, my-=200 GeV -YpYt LO --ee- ]
tanB=7.27 @LO (0Lo(yp?)=0L0(y{")) yp>NLO ——

tanB=7.67 @NLO (onLo(yb)=0NLO(Y1)) yENLO —— 7

Yoyt NLO —— -

MadGraph5 aMCE@NLO

More important

at low energy
C. Degrande



Example |: Charged Higgs production

4F vs 5F

1077 ¢ e 107 ¢ :
u 2 — 7 C ) 2 — 7
H'bt production at the 13 TeV LHC nyF(ioY:): Etg ] - Hbt production at the 13 TeV LHC ¢ yt52'=(§o‘f*1’)1 mtg ]
LO,NLO+Pythia8, F=4 4FSyp2, NLO —— | - LO,NLO+Pythia8, F=4 4FS yp2, NLO —— |
102 L Mu=200 GeV, tanB=8 4FSyP (x0.1), NLO —— | 102 L MH=200 GeV, tanB=8 4FSy# (x0.1), NLO —— |
: 5FS yp?, LO (x0.5) -+ E g 5FS yp2, LO (x0.5) === E
5FS yi? (x0.05), LO ------ - 5FS y? (x0.05), LO -==+-
I 4FS yp?, LO (x0.5) ===+ 4FS yp?, LO (x0.5) ===+
3 | i, 4FS y¢® (x0.05), LO -=-=-- 3 e 4FS y2 (x0.05), LO ===
c 107 ¢ . c 107 ¢
e} ' 0
@ o
© 404 LA ;° :
IS Eo Eo
12 =
K 5] 18
5 | ! e
107 ¢ I |
- 12 12
B 1 1
18 18
1 0'6 g 1 0'6 L | L L L " - .1--.- e g
TS " yp2: Ratio over 5FS ]
R Y . leieascoczomananasess ! . [ . | o | e deecememeageoeaeaeas omemneanes prnnainens prenneans s frammnareet feean.d =
1.5 | NLO/LO K-factor 1.5 |_NLO/LO Kfactor _ E E _
1 ? = — | 1 _j_j |
0.5 ! | ! | ! | ! | ! 0.5 | s | s | s | s
0 100 200 300 400 500 0 100 200 300 400 500
pr(t) [GeV] pr(H") [GeV]

Closer (Shape) at NLO
C. Degrande



107 ¢

1072 3

O per bin

Top

1073 |

1074 &

Example |: Charge

MadGraph5 aMC@NLO

pr(b1) [GeV]

decay

hard gluon splitting

- . 5FS yp2, NLO ——
H™bt production at the 13 TeV LHC 5FS y2 (x0.1) NLO ——
LO,NLO+Pythia8, F=4 4FSy, 2, NLO —
my-=200 GeV, tanB=8 4FSy@ (x0.1), NLO —— |
5FS yp2, LO (x0.5) ===+ ]
5FS y{ (x0.05), LO ------
4FS yp?, LO (x0.5) ------
------------ 4FS y{? (x0.05), LO -=-+-
anti-ky R=0.4 pr>25GeV Inl<2.5 _
| L
" yp2: Ratio over 5FS, NLO
" y;2: Ratio over
- 5FS NLO/
| | | |
0 50 100 150 200

d

O per bin

1.5

0.5 L

H™bt production at the 13 TeV LHC

LO,NLO+Pythia8, F=4
mp-=200 GeV, tanp=8
anti-kt R=0.4 pt>25GeV Inl<2.5

-4 L BFS 2, NLO
:"* B5FSy (x0.3), NLO
4FS y,2, NLO

4FS y{? (x0.3), NLO

5FS yp2, LO (x0.5) ====-==s. ‘=
5FS v (x0.15), LO :
4FS yp2, LO (x0.5)
4FS y{ (x0.15), LO

Higgs production

102 ¢

MadGraph5_ aMC@NLO

ekl prozesest premenenes LLLLLLLLEE presecees LCETTLLLLIL SLLLLLLLL frememoee-s preteete bbbl |
LD Kactor -
- L N ——
e ]
| | | | | |
-2 -1 0 1 2
n(b4)

more exclusive in b more different
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Example |: Charged Higgs production

1072 ¢ .
: ) _ 5FS yp2, NLO —— 1 I - i
H™bt production at the 13 TeV LHC 5FS y2 (x0.1) NLO —— H bt production at the 13 TeV LHC
t 1), u
LO,NLO+Pythia8, F=4 4FSyp?Z, NLO — 1 108 L LO,NLO+Pythia8, F=4 i
mp-=200 GeV, tanp=8 4FSy? (x0.1), NLO —— 1 - my=200 GeV, tanB=8 ]
103 L 5FS ygz, LO (x0.5) === i - anti-kt R=0.4 pt>25GeV Ini<2.5 ]
- 5FS y;2 (x0.05), LO -+ ; i ]
i 4FS yp?, LO (x0.5) ===+ ] I ]
4FS y? (x0.05), LO ===+ ] :F"F'__'_{—T ______—_—,.____%
= 1 £
o o 4 o eameeeasRRSTIINTIIIIIIIIIIeSinnnisssesttesssseeeee
5 10 4 L - o) 10 LS R
o ] Q FRTC ——— 3
@) ] @) :4'_'_'_'__'_'_,_1—'_—,_'_',_—'—_'—'/ ‘_‘_'—%
: o ! : (@)
. é ) ____.___._.:_-_-::::::.':::::::::::::::::::::::::::::::::::::::.':::.'::::::::_-_-;_- .... - é
105 ¢ ¢ o S
Trae ] %l 5FS y,2, NLO 5FS yp2, LO (X0.5) ===+~ %l
Lo Y LTy T 10 | 5FS y{? (x0.3), NLO —— 5FS y{? (x0.15), LO ==+ un
anti-ky R=0.4 pr>25GeV "...” T T8 : 4FSy,2 NLO —— 4FS yp2, LO (x0.5) ===+ 18
Inl<2.5 g 4FS y2 (x0.3), NLO —— 4FS y2 (x0.15), LO ===-- ) g
| ! | 3 g | ! | ! ! | | g
— Yp°: Ratio over 5FS, NLO |

—h
= =9

1.2 [y’ Ratio over 5FS, NLO

-6
4
2
1L
0.8 F
06 . .
1.4 [y Ratio over 5FS, NLO
1.2 b
1
08 - o T - . et "~ :
0.6 | . | . | . T . | . 7] I | . | . S o | i
) ~ NLO/LO K-factor i—d N 15 . NLO/LO K-factor |
1L § 1 i ]
0.5 . | . | . | . | . | . 0.5 | . | . | . | . |
0 20 40 60 80 100 120 -2 -1 0 1 2
pr(b2) [GeV] n(by)

Only LO in 5F C. Degrande



Example |: Charged Higgs production

102 ; 10 ¢ -
] C 2 ]
Hbt production at the 13 TeV LHC ] ~  Hbt production at the 13 TeV LHC  gg ysz(i'o’fﬁ’)j Ex ]
NLO+Pythia8/Herwig++, F=4 | - NLO+Pythia8/Herwig++, F=4 4FS y“zF(foygj’ EQ -
my-=200 GeV, tanB=8 "~ my=200 GeV, tanp=8 5FS Y2, MW+ -
108 L 103 | 22b-jet selection 5FS yt: F(goy:)% :w: T
______ 1 4FS yZ (x0.1), HW+
C C
o e
s o 107 :
Q104 | ; o :
o E o ]
5FS yp2, PY8 ] 1
5FS y{ (x0.1), PY8 —— 19 19
4FSyp2, PY8 —— 12 5 Z
4FS y2 (x0.1), PY8 2 10 F 15
10 F 5FS yp2, HW++ ===--- 0 ST i
E 5FS y2 (x0.1), HW++ =-==-- 15, s
I— 4FS yp2, HW4+ ==---- ] g _g
3 4FS y¢? (x0.1), HW++ 1S Ik
- | . | . | . | . . . . = 1076 =
1.2 [ yp?: Ratio over NLO+PY8, 5F i ’ 1.4 .
- 1.2
- 1 -
. _-:.:':_.: ;--_._._-_._.---_"'_'""'""'-": d el "_'"'" ] 0.8 &
0.6 SjSSmmmepeEs iy N A 0.6 -
1.2 [ yi?: Ratio over NLO+PY8, 5F ] 1.4
1 B ; 12 — —
¥ | R e B B PP -1 2. oo o
0.8 Fir, |, oo et o - 0.8 [ | trmemere 5
0.6 |- . | . | . | . | . | . | : | pomnec] 0.6 L | | | | | N
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5
AR(B1,Bo) AR(B4,Bo)

Shower dependent in 5F C. Degrande



H™ production : mp~m¢

1607.05291 : C. D, R. Frederix ,V. Hirschi, M.Ubiali, M.Wiesemann and M.Zaro

NLO in QCD
Complex Mass Scheme (Top)

Neutral
scalars (=7%)

Single and double resonant
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H* productlon MH~M;

Charged Higgs production at the LHC

13 TeV, NLO total cross-section

H*Wbb ——
ttx BR = - -
fHt ==
tanpf=1 ——
tanp=8 —
tan=30 —

L iisrsn P

102F "~~~ !
- T
al
10" :
g f-- |
mt - I ..~~ !
<y < © -
100 £
o b
trt A&
050050 . < 101 |
A ] E \H:_ g | 1 |
t E t :g‘\j w 1.8 'nLoo K-factor!
0900000 | 1.6
5 b 1.4 !
' 12 I
1 :
u | | :
20 E tanB=1 E

s : L . L . 1 . 1 . :
20 £ tanp=8 . Scaleunc. T PDFunc. - - - : 3
10 E — — | :
)y S R - ]
X OF- oot oo oL e SISl oL oL I oo

10 E — L
20 F T T T SR i . E
20 F tang=30 : Scaleunc. C1 PDFunc. - - - \ =
10 — — | | -
® OEI DI I IISIILIIoIIoLIIianIiinIiod
-10 | ! : _
-20 :_ ] 1 I ] L ] 1 1 ] ; | —:

130 140 150 160 170 180 190 200 210
my= [GGV]

| 1 | ! |
Scale unc. 1

L | 1
PDF unc. = = -

MadGraph5_aMC@NLO

= (mi+mgr+my)/3

Errors are
reduced by a
factor ~2
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. 13 TeV, NLO total cross-section
' H*Wbb —— N

fHr ==t

tan=30 ——

E Charged Higgs production at the LHC

ttx BR = =

tanB=1 — |
tanp=8 — !

MadGraph5_aMC@

[ NLO/LO K-factor!

Liscsias 0

my= [G eV]

0F : ]
S 5 e e T E

0 R R I e e i _._:__ = m e m = =]
10 E — ! E
-20 E_ | | , | ! | ! | 1 | | 1 i | _;
20 tanB=30 Scaleunc. L— PDFunc. = = \ -
10 E —— ! -
.............................. Lo om oo =]

(O O S i T N T e it bt i bl oo o o o0 D o;
10 E ! =
-20 £ ! I ! ! I . I I | | E

130 140 150 160 170 180 190 200 210 220

= (my+myg++myp)/3

Errors are
reduced by a
factor ~2
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Tf —8uv lwf (ly D - mf) 'ﬁf - %ap (&fi’)/pwf)] TAK’ = —8uv

- 1, /- .
* E%l’f%thﬁf = 3% (Fsivs) + a o V)] ’

Spln 2

_ Vif vy
Vf _TT Y,

—%F’)(’Fm+5mv,o ((apa“ DV, + = (apv) )]

— FiFyp + 0,0 |(8,0°V,) Vo + (8,0°V,) Vi -

Ty = —gu [0 @) (0,0°) - g.f (F ") V|

Ty =D, ®'D,® + D,®'D,® - g, (D’D'D, D — V(D)) + [(0,6°) 000 — g3/ (8,6) W VE + (u o v)]

Simplified model for new resonance search

Motivated by Extra Dimension

Check : Known UV (P.Artoisenet et al, [HEP 1311 (2013) 043)

1 ' 1y '

5Kg = gTF Eq (Kg — Kq)(z —YE + 10g47’[ lOg % .
20, 1 ' :“123 '

0K, = e Cr (Kq — Kg) (Z —vr + log4nr Hlog m% ,

Production at the LHC (G. Das, CD,V. Hirschi, F. Maltoni, H.-S. Shao,
arXiv:1605.09359 [hep-ph])

No running
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; ] ]
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Process Couplings set
pp = Yo, Yo+ 1Yo+ jj K1 = Kg, K2 = Kg t Sca|e+Pdf
pp = Yo +it K1 = Kg.g,K2 = K;
PP Yot Z K= Ky Ko = Kp s +param. unc.
pp — Yo+ W* K| = Kgq.1:K2 = KBWH
pp > Yo+ K1 = Kg,q.t»K2 = KBW,H
pp > Yo+ H K1 = Kg,q.t»K2 = KBW,H
Yo — jj K1 = Kg, K2 = Kg ¢t
o K1 = Kg, K2 = K, C. Degrande




G per bin [pb]
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750 GeV spin-2 particle Y, production at 13 TeV LHC
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MadGraph5_aMC@NLO

750 GeV spin-2 particle Y, production at 13 TeV LHC
NLO+Pythia8 Y, Vo —— YW NLO+Pythia8 \Z
3 Y,+H: loop-induced+Pythiag oz y YorH: Yot ——
2 = e T 2+ loop-induced+Pythia8 °
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Y2+H is LO (Loop-induced)
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G per bin [pb]

Spin-2 : Non-universal

0

750 GeV spin-2 particle Y, production at 13 TeV LHC

NLO+Pythia8
Y2,(K1 ,K2)=(1 ,1) Y2+j(+1 0),(1(1 ,K2)=(1 ) —— Y2+Z,(K1 ,K2)=(1 A1) ——
Yo,(K1,%0)=(1,0) —===Yo#j(+10),(kq,%p)=(1,0) ---- Yo+Z,(Kq,%p)=(1,0) -=--=

=1 Y2(Ky,%)=(0,1)
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______________
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—_——
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A=1TeV
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MadGraph5_aMC@NLO
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G per bin [pb]

750 GeV spin-2 Y, NLO production at 13 TeV

Y2(h=2)+j!(K1 ’K2)=(1 51 )

Y2(h=1 )+j7(K1 ’K2)=(1 11)

Y2(h=0)+j!(K1 ’K2)=(1!1) I
Yo(h=2)+j,(x1,%5)=(1,0) —===Y5(h=1)+j,(xq,%5)=(1,0) ----Y5(h=0)+j,(iy,%5)=(1,0) ---- _E
Yo(h=2)+j,(1,%5)=(0,1) - ----Ys(h=1)+j,(xq,%5)=(0,1) ----- Y5(h=0)+j,(x¢,%5)=(0,1)

MadGraph5_aMC@NLO
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Top FCNC

CD, F Maltoni, J.Wang, C. Zhang, PRD91 (2015) 034024

t ulc h/A/Z/g
q9 — tb

- = _
O H3) = (sOT D ,ﬂsO) (@' Q)
_ ,L- (i _
B=7v,2,h 0oL+ = (SOT DMQD) (67" Q)

Z- RSN
OUFY =i (@T D W) (wiy"t)

Lepr = Lo + Z S0t He 0% — gy (@038, |  Renorm. |
/06 = 9@ TGy, | clu-t CT |
0 = gw(@or T WL, | mixing betweenJ

0 = (¢'o)@t)? | operators

+4F

Project :u/c g >t +/
Decay the top with the CMS with flavour mixing
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Top FCNC

LO NLO
Coefficient |o[fb]|Scale uncertainty |o[fb]|Scale uncertainty
C¥ = 3.5 (2603| +13.0% -11.0% |3858| +7.4% -6.7%
CU%) = 0.04]40.1| +16.5% -13.2% |50.7| +4.0% -5.2%
) =35 171 | +9.7% -8.7% |310| +7.3% -6.3%
C® =0.09]9.53| +11.0% -9.7% |16.6| +5.5% -5.1%
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Small when constraints from
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2_ ] ] ] ] ] ] ] ] | ] ] ] ] | ] ] |(13|) | ] ] ) -Lfg.)-
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1.5 (_g
| T % &
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Large interference between op.

0.009

0.008

Top FCNC

pp—tZ at the LHC13
NLO+HERWIG6
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C,=0.88,C, =2.2

— no int.

---- with int.

MadGraph5_aMC@NLO
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Plan

® Framework : From FeynRules to
Madgraph5 aMC@NLO

® Examples:
® Charged Higgs production
® Spin 2
e Jop FCNC

o Final remarks |
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Final remarks

® Automatic BSM@NLO
® Renormalizable (Public)
® For EFT (Private)
® Pheno
® Jop EFT
o Full EFT

® Jointly by FeynRules and Madgraph aMC@NLO
teams
C. Degrande



Back-up
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Example |: Charged Higgs production

mg+ = 200 GeV and mpg+ = 600 GeV

tan 0 = 8 but yf, y; and yyy,

NNPDF2.3 at NLO/ NNPDF3.0 at LO with 4/5F
as(Mz) = 0.118 (SF) as(Myz) = 0.1226 (4F)

mP°'® = 4.75 GeV mP°'® = 172.5 GeV
g () = 4.3377 GeV.

UR,F = HT/3:—Z\/m 2+ pr(i)?

Anti-kt AR=04 pr(j) = 25GeV,  In(j)| < 2.5.
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