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FevnRules

Input : model.f

-

I |

A.Alloul, N. D. Christensen, CD, C. Duf
and B. Fuks, CPX85 (2014) 225(

Output : vertice
* C. Degrand:



FevnRules outputs

FeynRules output:
can be used
directly by event
generators

UFO : output with the
full information!
used by several

generators

CD, C. Duhr, B. Fuks, D. Grellscheid, O. Mattelaer and T. Reiter, C88(2012) 1201
C. Degrandi




UFO

¥Generator iIndependent output with full model
iInformation!

¥ Contains the list of particles, parameters,
vertices, decays (1 to 2), coupling orders!

¥ vertices are split intd_orentz structurescolours
andcouplingsand all are included in the model!

| igs Ti? '

¥ Used in MG5, Herwig, Gosam, Sherpa

C. Degrandik



Plan

¥ FeynRules in a nutshell!
BSM@NLO! -

¥ Ingredients!
¥ How does it work?!
¥ Examples :!
¥ Charged Higgs production!
¥ SUSY QCD!

YE
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Why NLO/Loop BSM?

¥ Discovery : !
¥Loop-induced production/decay!
¥ NLO : Rebne search strategies!

¥Measurement of properties/couplings : NLO
corrections!

¥ QCD corrections are large at the LHC!

¥ Quantibcation of the constraints NP should not
be limited by the th. error on EFT

C. Degrandik



Madgraph5 aMC@NLO

Wide BSM support!
+!

Automated NLO computation

¥ Computation of the born!}” MadFKS (IR)

| ¥Computat|on of the loop! .|ﬂ

e ———— f———————

¥I\/Iatch|ng with parton
shower 0" laO MC@NLO

J Computation of the real! “

3 AR
;./ \\\‘7

MadLoop

C. Degrandik



MadLoop

Allloop Zdi Box; + Zci Triangle, + Zlq Bubble;
i i i
+ Zai Tadpole; + R

¥ Box, Triangle, Bubble and Tadpole are known
scalar integrals!

¥ Loop computation = bnd the coefbcients!
¥ Tensor reduction (OPP)!

¥ UV counterterm vertices have to be provided

C. Degrandik



To be provided : R

1 K (a)
dd ,
(2! )* qlgo|g1 B g

B =(g+ p)°! m?

R(4)=

N (G
d
| | )
R, ! lim 14 ddq_ﬂ(q’q;)
110 (21) DoD1...Dmi 1

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



Computed in MadLoop R

Due to the! dimensional parts of the denominators

Like for the 4 dimensional part but with a different set «
Integrals

! ! #
- n qz —_ n II 2 2 2 n (p| ! p])2 "
e T 2 MM T TO0
I
. n qz —_ ||i!2 n
T%SeE 0 2 °U)
I
- n q-A —_ ||i!2 n
eEmE - 6 O

Only R = R+R: is gauge invariant. >

C. Degrandik



Relations Pxed by the Lagrangian (Pnite ]

Finite set of vertices that can be computed once
for all

C. Degrandik



Renormalization

External paramete]
Xo ! X+ "X,

1 !

#o ! (1+ QHZ” )# + RVATIN

Same for the conjugate ID]

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

g9 (1+ 1Zg9) TL "
ggg 1+ 1" g+ 31Z4 TL '> Fixed by
gggg (1+!" s+21Zy) TL

NI

C. Degrandik



Renormalization condition:

On-shell scheme (ocomplex masscheme):

Renormalized mass = Physical mass

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

: H L
dij (p! mi)+d fi}_ p° Pt fi? p° pre T fijs

/fL p? mi + f5R p? G = 0
/fR pz#m +fSL 2#$E/PJ — O

/ R " # HS " # #'(/
/qu:pz fhop2 + fR p2 m  ESE 2 4 ESR 2o+t p? _|_fR p2 & - 0
p2=m?

Similar for the vectors and scalars

H
L p2 ||! + fijSR D ||+

C. Degrandik



How does It Work’P

FeynRules
Renormallze the Lagrangi

‘model.mo
model. gen ﬁmodel nla
FeynArts
Write the amplitude

NLOCT.m | | cp cpc 197 (2015) 239
Compute the NLO vertice

C. Degrandik



Restrictions/Assumptions

¥Renormalizable Lagrangiamxmum dimension of
the operators is 4!

¥ Feynman Gauge!
¥{' M s I 5} — O
¥ Ot Hooft-Veltman scheme!

¥ On-shell scheme for the masses and wave
functions!

¥I\TS by default for everything else (zero-momentu
possible for fermion gauge boson interacfion

C. Degrandik



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.-J.
Zhang): test the Majorana

*Analytic comparison of the expressions

C. Degrandik



UV Validation

¥ SM QCD : tested* (W. Beenakker, S. Dittmaier,
M. Kramer, B. Plumpér

¥ SM EW :tested* (expressions given by H.-S.
Shao from A. Denngt

*Analytic comparison of the expressions
C. Degrandik



Tests In event generators

¥ aMC@NLO !

¥ The SM QCD has been tested by V. Hirschi
(Comparison with the bulilt-in versioh)

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

¥ Various BSM
¥ gauge invariance!

¥ pole cancelation

C. Degrandik



==—aa>tt~[QED] =

==aa>tt~a[QED

==aa>w+w-[QED'] ==

==ab>tw-[QED] ==

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

==d~d >z z [QCD]

==d~d>zz[QED'] ==

==e+e->tt~a[QED'] ==
==ete->tt~g[QED] ==

==g b >tw- [QED] ==
==99g>hh[QCD] ==

==gg>tt~[QED]=

==gg>tt~g[QED’
==gg>tt~h[QCD]
==gg>tt~h[QED
==hh>hh[QEDY]=

==hh>hhh[QED"

==tt~>w+w-['QED'] ==

Test EW

==ub>td[QED'] ==
==ud~>tb~[QED] ==
==ug>tdb~[QED]==
==uu~>aal[QED]==
==uu~>e+e-[QED'] ==
==uu~>gal[QCD QED'] ==

==uu~>uu~[QCD QED'] ==
==uu~>uu~a[QCD QED]=
==uu~>uu~g[QCD QED] =

==uu~>w+w-[QED] ==
==uu~>za[QED]==
==uu~>zz[QED]==
==u~d>w-z[QCD'] ==
==u~d>w-z[QED'] ==
==u~u>w+w-[QCD'] ==
==u~u>w+w-[QED'] ==
==u~u>zz[QCD]==
==u~u>zz[QED]==
==ve ve~ > e+ e-[QED'] ==
==w+w->hh[QED]==

Massive and massless b

C. Degrandik



Future development

¥ EFT : done but 4F operators (in progress)!
¥ any gauge!

¥ UFO@NLO in Gosam (N. Greiner)!

¥ DRED (asked by Gosam)!

¥ UFO 2.0

C. Degrandik



Plan

¥ FeynRules in a nutshell!
¥ BSM@NLO!
¥ Ingredients!

¥ How does it work?!

¥ SUSY QCD!

YE

C. Degrandik



Example 1: Charged Higgs product

¥ Motivations :!
¥ needed for the LHC current and future runis
¥ First searches in the high mass region!
¥ First searches in ththreshold region !

¥ AF NLO fully differential matched with parton shower !

¥ Shape comparison with the 5F
C. Degrandik



O per bin

107 ¢

1072 2

05 L

H* production :4F vs 5F

C. D., M.Ubiali, M.\Wiesemann and M.Zaro, JHABFO (2015) 14¢

H bt production at the 13 TeV LHC

LO,NLO+Pythia8, F=4
mp-=200 GeV, tanp=8

5FS yp2, NLO
5FS y{ (x0.1), NLO

4FS yp2, NLO
4FS y? (x0.1), NLO
5FS yp2, LO (x0.5)
5FS y;? (x0.05), LO
4FS y2, LO (x0.5)
4FS y;? (x0.05), LO

!ll#$o/ollléLll()lnl!*+’_'

200

"#$1%&'

[GeVCIoser (Shape) at
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H* productio

N 4F vs oF
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H* production :4F vs 5F
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102

101

o [pb]

[%]

[%]
o

[%]
o

H* production : ny~m

Charged Higgs production at the LHC

13 TeV, NLO total cross-section
H*WDbb =—
ttix BR = -

tHY ==
tanp=1 —
tanf=8 ——
tan=30 —

MadGraph5_aMC@NLO

]

: | ! | ! |
I Scale unc. =1

1

PDF unc. = = -

ol
I3)
D |
(0]
c
3
o
T
g
M
c L
S
o
1
1

l
tanp=8 ; ]
I e R T e e e B e e mT .'_'_L_ ==- "= _'_';
_ 1 . L ; L . L L L . 1 . 1 i 1 _
— tanB=30 : Scaleunc. L PDFunc. = - . —
: Sl ol e ol o e o s T T _'_L_ o . =C _'_';
;_ | 1 | : | | 1 | | | ! ; | _:
130 140 150 160 170 180 190 200 210
mpy+ [GeV]

1607.05291 :C.D., R.
Frederix ,VHirschi, M.Ubiall,
M.Wiesemann and M.Zaro
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Example Il: Gluino pair productior

CD, B. Fuks,V. Hirschi, J. Proudom and a0, PLB 755,82 (2016)

12 scalatriplets!

1 I\/Iajoranaoctet
no mixing \\‘

Lsoco = Dug D¥e + D6 D" er + —QID@‘

I mg G4 ! ¢ G ER | —mgég
! #o"T $
+ 293 ! Gﬁ_T @PLCI + @gPLg Ter +h.c
$! $

!g—SqRTqR qTa 6T §Ta |

Full QCD sector of the MSSM

C. Degrandik



d! [pb per bin]

Example Il: Gluino pair productior

%oﬂef

C = = F : =
N D— 8 5 L ; —— LO+Pythia 8 8_
B . Q= — ~ — NLO+Pythia 8 )
= - O T—a i .- 5
107 - ‘ 5 2 ok 4 o S
- -- fNLO | = = -~ - fNLO -
C 2: . g:
L @:13 TeV O © \[5213 TeV 0
B (g ®
! — ;
3 : O : o
10° 10°
- = (m_, m.) = (1000, 50) GeV
104 = ! 104
- - | (m_, m.) = (2000, 50) GeV
10°E 10° I
= v < B = 0
1_5_ ......................................... 1_5_ Al L __: _____ ------ -1 ..... STossannnTTa oo
L . = { B | |
1 e | M S, ——— (ms, m,)=(1000,50)Gev | ||| ST . M1~
b L (m, m.) = (2000, 50) GeV
5[ R S SN 1 0 5 S
:I . I L | L | L L L | L L L | L L L | L L L | L : : | : : : ) 1 : L1l : | Ll 1 1 | L1l | 1 L1l | 1 L1l | Ll 11 | Ll 11 | Ll 11 | 1 Ll Ll
400 1400 1€

600 800 100 120

100 20, 300 400 500 600 700

800 . 900 1(

p.,) [GeV] (i) [GeV]

Non [3at K-factor Gluino decay
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More examples

Squark and sgluon production [ CD, B. Fuks,V. Hirschi, J. Proudom and H
S. Shao, PRD 91 (2015) no.9, 094005

GM [CD, K. Hartling, H. E. Logan, A. D. Peterson and M. Zaro, PRD 93
(2016) no.3, 035004

Heavy neutrino [CD, O. Mattelaer, R. Ruiz and J.Turner, arXiv:1602.(066957

Spin-2 (dim-5 operators) [G. Das, CD, V. Hirschi, F. Maltoni and H. S. Shao
arxiv:1605.09359

K KK K K

Top dim-6 !
¥ FCNC [CD F. Maltoni, J.Wang and C. Zhang, PRD 91 (2015) 034024

¥ Pair prodution [D. Buarque Franzosi and C.Zhang, PRD 91 (2015) no.
11, 114010

¥ tth [F. Maltoni, E.Vryonidou and C. Zhang, arXiv:1607.08330

¥ E
C. Degrandik



Final remarks

¥ Automatic BSM@NLO !
¥ Renormalizable (Public)
¥ Pheno!

¥ Spin 2!

¥ Jointly by FeynRules and Madgraph aMC@NLO
teamgd
C. Degrandik



Back-up
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Example 1: Charged Higgs product

hy: = 200GeV and (my: = 600GeV

ttant =8 but &2 y2 and ypy;

NNPDF2.3 at NLO/ NNPDF3.0 at LO with 4/5F
"<«(Mz)=0.118 (SF) I'<«(M7)=0.1226 (4F)

mP°® = 4.75GeV mP°® = 172.5GeV
m,(my,) = 4 .3377 GeV

1!
= Ht/3" =
MR F T 3 |

MMz pr ()

Anti-kt 1 rR=04 pr(j)" 25GeV, |'(j)|# 25.
C. Degrandik



Renormalization condition:

Zero momentum scheme available for the gauge coup

\ )0

. 0 1 1 1 !
bev (P P2) = igT%%, ¢, # E+§%VV +§O/ZI|§F +§%|F_F +gv—g°/ZV!V
) 1 1 o) )
T —ORR # SURE. + 2A0Ryy
2 2 29 .
) . . . . *
# # H # #
pomny ke e k2 PP s ot K e s
¢ 2m 2m
9 1 1 1 |
o 3 PR+ S0k + SLORyy Y 0+ 10(0) = O
1 1 o
EO/ZIISF # E%IIEF + Z—?J%ZV!V +h*(0) = 0.
By gauge invarian .1
e Only from |
0 / / ' | .
AL L v o 9n g — “ | - I
«; E + é/ZVV + z—gﬂv!v + Z—Qﬂv!v —_ O ll ‘ tWO pOInt i}

2t % % 1 functions |
MS scheme for everything else (option for=— -

C. Degrandik



How does It work?

FeynRules : !
|

Lren = OnShellRenormalization| LSM CDOnly ->Tr
WriteFevnArtsOutout[ Lren , Output 1> "SMrenoLT, |

GenericFile -> False]

FeynArts / NLOCT : !

Ite ‘SMrenoL/SMrenoL! "Lorentz”, Output->

CBMQCDren¢'{ —QCDOoMNy

FeynRules : !
|

Get|"SMQCDreno.nlof];!
WriteUF , Counterterms -> UV$vertlist ,

R2Vertices -> R2%vertlist]




Example 1: Charged Higgs product

5 Flavours! 4 Flavours!
¥ my=0 (but my>0)! ¥ my>0!
¥ In the PDF! ¥ Not in the PDF!
¥ In the running of d ¥ Not in the running of" ¢
¥ Handle collinear ¥ Contribution to b
logarithms! observable at LO!
¥ |

C. Degrandik



Example 1: Charged Higgs product

Pee = (1 = "5)/2

: 1
Type-“ 2HDM Vit = 1 YiPr tan ! T Yo tan? Yoo # ém\tyfb
" ) : |
Byyp = §$n:/t/b On She” C'$mt/b = | 1g§@mt/b %+4! 6|09T2t;b
MS sc oo, 28
i v 4% &

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

Validation : -Comparison with S. Dittmaier, M. Kramer, M. Sbir
11T and M.Walser, PRD 83 (2011) 055005
Ll -Recover ttH

C. Degrandik



Example 1: Charged Higgs product

1@1 E E 1d1 E c 3
- )0 *|" % UIEIES | | | @b ?DAIBE7 — . 8 )0 x| % 1 %% I I | B)/o|(D>>|8E7 - ]
%G & IHIOH1 21344156 ‘ @!:FG'B:!?DA!S : - O%USH S POMI2IBHAIB0 o e
G)C | 789! 5<I=>?@* p-'?DAIBEL x| QC B 789:1;5<I1=>(#$?28@>>A B, !(D>>I18E1 <]
1 he M OECGGIN#A:I*/' EA @'=FGH1B:!?DAISE1* 7 1 c . M/ ECGGIN#4:1*' EO BO=FGH1A:!(D>>!8E1 * ]
- - @S5 —— i N BCI5<  —— ]
s _ @1=FGH1B:II5<—— - : BO=FGHIAI;5<—— -
162 | . 162 | x g .
3 3
\ Xx x X X \ X
%1@7 L Ix xx"xx | 391@7 - i,
EH: "xx xxx " ;H: E
16t 3 xx"x L3 16t = ) E
Eox SHE - i ) ]
13K 3 = x_g 16K {
x . :;3 _;3
[ ] S i 'O\o
J b 4% 3 =8
i:_. |1G i PR S T S W WA T N T SO S WA SR ST S W M NN S S S S SR SR 'x - | ;:_.
: - ByCPIQI&+H+RASII;5< M
11 L N
IGH. 1
- BPIQI&H+RHSII;E< x X x X XXX XXX K Y
11 L - N
| E 'GHI Ji‘ﬂw, | E
IC ! 11 IC 12
R+§T"3=U@UBVN#4W S+@T'5=UBUAVN#4W

1 : :
ire = HT/3" 5 M7+ pr()? s < <

Ay

1
=S
C. Degrandik



Example 1: Charged Higgs product

| (Mg, = 200 GeV) [fb] 2 NLO N
- 17 8% 12 4% 52 .2% 36 .3%
Inclusive 5040 55y 42437570 4212756, 286875,
17 .5% 12 .2% 51 .9% 36 .1%
. F.O.- 45.47!::1178_3:((://0 38.3 '+1123'83;° 38.2 :5321'%(://0 26.09;3264_(133//0
Ub  Pythia8 434475 366750 3681755, 2509 7
Herwig++ — 42.64 3604 3608 2461
10 .9% 6 .5% 50 .4% 35 .0%
o F.O.- 115 _1155_%% 9.76!+ %802/& 11.2 :5311_%8//0 7.79!:::‘}254_%8;0
L Pythia8 125577709 1067500 117375150 81275 4y
Herwig++ 11.03 933 1009 7.00
Etan! = 8| |
NLO : LO
I (my: =600GeV) [fb
(M- ) 1ol Y y¢ Y Ve
- 20 .3% 13 .1% 54 .9% 40 .1%
Inclusive 24005, e 21177 500 L7947 0 1.339 ¢ 5
19 .9% 12 .6% 54 .7% 39 .9%
o F.O.. 2.187;1199'8((;//0 1.92 _1124_g8§) 1.64 5,5?2,2'8?);0 1.23 '4206'8850
b Pythia8 2115 g9 18657500 1601755 1197 55 sy
Hermwig++ 2.077 1836 1570 1175
12 .6% 5 .9% 53 .8% 39 .2%
o F.O.. 0.63 _1167_9((;//0 0.54 491063% 0.54 '5?212'38//0 0.41 .3296.(23(‘)’;0
' b Pyth'?‘8 0.697 1560 0613756, 058875550 0.443 %% 5
Herwig++ 0.602 Q532 Q498 Q376

Reduced

K-factor

C. Degrandik



Example 1: Charged Higgs product

1P1 ; 1PE ¢
( J9641"$+,- *&+X1*0#112134#415(6 ] - (S - &I FIHO#I12134415(6 PosT -
578957:;<=*0&/>?'@ABC 957,<Q> ] - 578957::<=*0&/>?'@ABC 957;<Q>
1|:)E L D()AEFF!G#4?!*/' A>?1B@H 157;<Q>  ----e- | - D()AEFF!G#4?!*/' A>?B@H I57:<Q> ...
- - E 1F)2 -
=04 i E
g 1P2 ¢ ERE T
.§ . N
€ . 1 g8 ¢
1. 1PM - .
1PME - 4F ; iR
I'*&)| 31JAFKBI'sLEMG#4!NNOEKM T g % i %
I :5 I 8\:
F)R L ' L . L . Z F)R L s | s il
I TKEM. =0fUN/+&+1+V#$1957; I TKEM. =fUN/+&+1+V#$1957;<Q>
. 11 E 11 E
IFKTM- IFKTM
E IFKM | | | | IFKM
- !1K'I§IV:L ITKEM:
11 E 11 & =
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Example 1: Charged Higgs product
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More important

at low energy
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Example 1: Charged Higgs product
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Example Il: Gluino pair productior

1 Majorana gauge singlet (bino-like)
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Example Il: Gluino pair productior

Zero-momentum for the massive d.o.f.
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Finite CT to remove SUSY artibcial breaking

t Hlog = ! #mZ o (f tr + tR1L)
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Example Il: Gluino pair productior

Validation : Comparison with Prospino (degenerate
spectrum)
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