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Higgs observation, evidence, precision, ...

e 2012 July

p  Observation of a new particle in the search for the Standard Model Higgs boson with the
ATLAS detector at the LHC

p  Observation of a new boson at a mass of 125 GeV with the CMS experiment at the LHC

e 2013 July

p  Evidence for the spin-0 nature of the Higgs boson using ATLAS data
® 2013 October

p  Physics Nobel Prize [F. Englert (Brussels) and P. Higgs (Edinburgh)]

® 2015 Spring
p LHC Run-ll

o FIETal

(Tooking for deviations from the SM & Figas precison |

- effective field theory (EFT) approach i
¢ - theory predictions as precise as possible i
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A framework
for Higgs characterisation

The FeynRules and MadGraphb framework

FeynRules model MadVWVeight
P. de Aquino, K. Mawatari (Vrije U. Brussel) P.Artoisenet (Nikhef)
aMC@NLO spin2 in aMC@NLO
F. Demartin, F. Maltoni, M. Zaro (UC Louvain) M.K. Mandal (Harish-Chandra)
R. Frederix, S. Frixione (CERN) P. Mathews, S. Seth (Saha Inst.)
P.Torrielli (Zurich) V. Ravindran (CIT)
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Higgs Characterisation (HC)

via the FeynRules and MadGraph5_aMC@NLO frameworks
NLO+PS (parton-shower) effects

* HC provides an automated NLO+PS accurate tool and predictions to accomplish

the most general and accurate chracterisation of Higgs interactions in the main

production and decay modes at the LHC.

* The code is publicly available at the FeynRules repository:
https://feynrules.irmp.ucl.ac.be/wiki/HiggsCharacterisation

»HCI:“A framework for Higgs characterisation” |HEP11(2013)043 [arXiv:1306.6464]
Artoisenet, de Aquino, Demartin, Frederix, Frixione, Maltoni, Mandal, Mathews, Mawatari, Ravindran, Seth, Torrielli, Zaro
= HC framework based on the effective filed theory (EFT) approach
» HC2:“Higgs characterisation via VBF/VH: NLO and parton-shower effects” EPJC74(2014)2710 [arXiv:1311.1829]
Maltoni, Mawatari, Zaro
= VBF and VH @ automated NLO+PS
» HC3:“Higgs characterisation at NLO in QCD: CP properties of the top Yukawa” EPJC74(2014)3065 [arXiv:1407.5089]
Demartin, Maltoni, Mawatari, Page, Zaro
= GF (Htjets) o ) automated NLO+PS
» HC4:“Higgs production in associatea with a single top quark at the LHC” [arXiv: | 504.xxxxx]
Demartin, Maltoni, Mawatari, Zaro

= tH @ automated NLO+PS
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Cross Section

ggF

HIGLU (NNLO QCD+NLO EW)
iHixs (NNLO QCD+NLO EW)
FeHiPro (NNLO QCD+NLO EW)

HNNLO, HRes (NNLO+NNLL QCD)
SusHi (NNLO QCD)

RGHiggs (NNLO+NNNLL QCD)
gagHiggs (approx. NNNLO QCD)

VBF
VV2H (NLO QCD)

VBENLO (NLO QCD)
HAWK (NLO QCD+EW)

VBE@NNLO (NNLO QCD)

WH/ZH
V2HV  (NLO QCD)
HAWK (NLO QCD+EW)

VH@NNLO (NNLO)

ttH
HQQ (LO QCD)

bbH
bbh@NNLO (NNLO QCD

HH
HPAIR (NLO QCD)

+ private codes.
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Tools for Higgs Physics
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NLO MC
POWHEG MINLO
MadGrapn5 aMC@NLO
—p— —  SHERPA MEPS@NLO
LOMC
aq2VV
50
O NLO ME
Jet-veto MCFM, MG5_aMC@NLO
JetVHeto (NNLO+NNLL)”
W/Z
top/bottom
Higgs Decay
- o o - HDECAY (NLO++)
Higgs Prophecy4f (NLO)

Higgs pr

HgT/HRes (NLO+NNLL) WIZ

ResBos  (NLO+NNLL)
Higgs Properties

— _ MSSM/2HDM
—  FeynHiggs, CPSuperH
‘ SusHi+2HDMC

HIGLU+HDECAY

)

etc.

’
HOPE
mAYS

T

* NLO+NNLL in differential Compiled by R. Tanaka, Jan. 2014
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Higgs Characterisation (HC) model

\

® We implemented an effective Lagrangian featuring bosons
X(JP=0*,07,1%,17,2%)
in FeynRules.

The parametrization is based on the recent work:
[Englert, Goncalves-Netto, KM, Plehn, JHEP(2013)].

- Any-process, any-decay, any-observable (thanks to event
generators, e.g. MadGraph5 aMC@NLO)

- Equally useful for theorists (it can be systematically improved,
changed easily) and experimentalists (event generation easily).

- Adaptable to the present/future analyses and accuracy targets.

- The code is publicly available at the FeynRules repository:
https://feynrules.irmp.ucl.ac.be/wiki/HiggsCharacterisation

Kentarou Mawatari (Vrije U. Brussel) 7 March 27,2015 MG5_aMC@ Kavli IPMU
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Effective Lagrangian -- spinQ

\

7 : ) aram card dat
Lg = Z vy (Ca’fofQHff + 1SaRKassdafs "1"5)'1#’f Xo ,_P,, e
f=f-~”-'fl ## INFORMATI(N FOR FRBLOCK
‘/’ . . = - ’ “ v ,_+_ ,_“ - ~++ 1
Eo — {Cn KSM [QQH/JA ZyZ T Guww 14 m 14 ] Block fr‘block
1 _ 1 1.000000e+03 #
1 [C,I/’I H~n 1911"1’7 1”1 l/‘ AHV + S“ f{“\a‘,‘qg_,\qu 14#1/14#1/] g i.m"‘% :
1. . oy 4 1.000000e+00 #
- 5 C(,l‘h"nzwg!{:/‘q Z’_ujxl + S("l,‘{'.IZ‘)‘g.-\Z"y Z,_“/f"l ] 5 1.W ¥
1 6 1.000000e+00 #
_ 1 Ca’illgﬂgugg CZI/CG #U Salagg9agqg CZI/CG ,“/] ; im-% :
11- - - 9 1.000000e+00 #
— IZ Calknzz Z;u/Z + SaKazz Z/.LIIZ ] 10 1.000000e+00 #
11 11 1.000000e+00 #
1 . v o 14 1.000000e+00 #
~ 7 Ca|Kuo, AVOUAT + Koz Zy0uZ 15 1.000000e+00 #
/ 16 0.000000e+00 #
PRpr— ' - 17 0.000000e+00 #
— (rf,,(,,u-lfifjd# W—HV + h.C.)] }.Xo 18 0.000000e+00 #
19 0.000000e+00 #
parameter description 20 0.000000e+00 #
A [GeV] cutoff scale 21 0.000000e+00 #
Co (= cosa) mixing between 07 and 0~ 22 0.000000e+00 #
Ki dimensionless coupling parameter 23 0.000000e+90 #

Kentarou Mawatari (Vrije U. Brussel) 8 March 27,2015 MG5_aMC@ Kavli IPMU
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Effective Lagrangian -- spinQ
L{; - = Z ‘/;f (CO‘H“Hfngff + 1SaKaffGass ’75)1be0
f=t.br
Vv 1 ? K Dimensionful couplings g are set
Lo = Cakism | 5uzaZu 2" +Guwy W, W] .
) as internal parameters so as to
— 7 [Cakins @iy Auy AP + sakiaoffliary A, A reproduce a SM Higgs for k=1.
j ~
— 5 CaRnzy9nz~y ZuVA“U + Sak az~+9az+ ZuuA,w]
1 ~
o Z |Calngg9raqg G;aiuGa’#V 1 SaKageGagq GZVGGT#V]
11, ~
— ZZ CaRpuzz ZpVZ#V + SaKazz ZuVZm/]
11; —~
— 52 | CaRuww W ,j;/ Ww—HY T SaKaww H/JVLV—IJV]
1
— < Ca Koy AvOu A" + Koy Z, 0, ZH"
t (Know W8, W 4+ hoc.)] }xo
gXyy! X ff _ZZ]WW Y 2y 99
H ms  2mz,y  4ATapm/18m  C(94cos” 0w —13)/97  —as/3n
A my 0 dapm /37 2C (8 cos® Ow — 5)/3n as /2w
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3-min MadGraph5 aMC@NLO tutorial (ttH)

FeynRules: http://feynrules.irmp.ucl.ac.be/
MG5 aMC: https //Iaunchpad net/mgSamcnIo

f /bln/mgS aMC ! = Start the MG5_aMC shell
;>1mport model HC NLO XO 1 = Import the model

§ >generate p p > x0 t t~ [QCD]§ = Generate the process

{ >output mgSamcfemto § & Write the code (including html)
j>taunch 1 < Generate the LO/NLO events

/Users/mawatari/work/tools/madgraph5/mg5amcfemto/index.html

SubProcesses and Feynman diagrams

FEYNMAN

Directory |Type(# Diagrams|# Subprocesses DIAGRAMS SUBPROCESS
PO_gg xOux [bom |8 1 postscript g g>x0 tt~ XGLU=1 WEIGHTED=4 QNP=1 [ QCD ] WEIGHTED=1
virt | 184 1 postscript g 2> x0 tt~ WEIGHTED=4 QNP=0 QED=1 QCD=2 [ QCD ]
real |50 1 postscript g g>x0tt~g XGLU=1 WEIGHTED=5 QNP=1 [ QCD ]

d~ g > x0 tt~ d~ XGLU=1 WEIGHTED=5 QNP=1 [ QCD |,

12 4 Stscrint u~ g > X0 tt~ u~ XGLU=1 WEIGHTED=5 QNP=1 [ QCD ],
DOSEETIN s~ g > X0 tt~ s~ XGLU=1 WEIGHTED=5 QNP=1 [ QCD |,

c~ g >x0 tt~ c~ XGLU=1 WEIGHTED=5 QNP=1 [ QCD ]

g

Kentarou Mawatari (Vrije U. Brussel) |0 March 27,2015 MG5_aMC@ Kavli IPMU
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born diagram 1 QCD=2, QED=1, QNP=0 born diagram 2 QCD=2, QED=1, QNP=0
2 g 5 2 , 3
”W . XO"',"‘
t~ ,v"'
yi~ t~
...-.._......_..}9_.............._. 3 yi~ 5
i~
. \Lt\
1 4 1
born diagram 3 QCD=2, QED=1, QNP=0 born diagram 4 QCD=2, QED=1, QNP=0



¥ ‘ :jrnlfvormtmt q
SubProcesses and Feynman diagrams J

\ Directory |Type|# Diagrams|# Subprocesses| ' "L\ AT, SUBPROCESS

PO_gg x0ux | bom |8 ] postscript | g > x0 £ - XGLU=1 WEIGHTED=4 QNP=1 [ QCD ] WEIGHTED=1
virt | 184 1 postscript | g 2> X0 t -~ WEIGHTED=4 QNP=0 QED=1 QCD=2 [ QCD |
real |50 I postscript | g g > X0 t t~ g XGLU=1 WEIGHTED=5 QNP=1 [ QCD ]

d~ g > X0 t t~ d~ XGLU=1 WEIGHTED=5 QNP=1 [QCD ],
u~ g > x0 t t~ u~ XGLU=1 WEIGHTED=5 QNP=1[QCD ],

veal |12 4 poStSCript | o 5’5 %0 t t~ s~ XGLU=1 WEIGHTED=5 QNP=1[QCD ],
o~ g > X0 t t~ c~ XGLU=1 WEIGHTED=5 QNP=1 [ QCD ]
dg>x0 tt~ d XGLU=1 WEIGHTED=5 QNP=1[QCD |,

i o ) ceerioe | 08> X0 tt~u XGLU=1 WEIGHTED=5 QNP=1[QCD ],

sg>x0tt~s XGLU=1 WEIGHTED=5 QNP=1[QCD |,
cg>x0tt~c XGLU=1 WEIGHTED=5 QNP=1 [ QCD |

g d~ > x0 t t~ d~ XGLU=1 WEIGHTED=5 QNP=1 [QCD ],
| g u~>x0tt~ u~ XGLU=1 WEIGHTED=5 QNP=1 [QCD ]
vl (12 4 POSISCTPt | 0 ¢ 5 X0 tt~ s~ XGLU=1 WEIGHTED=5 QNP=1[QCD ],
g c~> X0 t t~ o~ XGLU=1 WEIGHTED=5 QNP=1 [ QCD ]

gd>x0ti~d XGLU=1 WEIGHTED=5 QNP=1[QCD ],
gu>x0tt~u XGLU=1 WEIGHTED=5 QNP=1[QCD ],

real |12 4 postseript | ¢ ¥0 t t~ s XGLU=1 WEIGHTED=5 QNP=1 [QCD ],
g ¢ > X0 tt~ ¢ XGLU=1 WEIGHTED=5 QNP=1 [ QCD ]
4 U~ > x0 t -~ XGLU=1 WEIGHTED=4 QNP=1 [QCD ],
~|co~>x0tt~ XGLU=1 WEIGHTED=4 QNP=1 [QCD ],
PO_uux_x0ttx | bom | 2 4 ROSISCHPL | 4 3 5 %0 t t~ XGLU=1 WEIGHTED=4 QNP=1 [ QCD ] ,
s s~ > x0 t t~ XGLU=1 WEIGHTED=4 QNP=1 [ QCD ]
4 u~ > x0 t t~ WEIGHTED=4 QNP=0 QED=1 QCD=2 [ QCD ],
i lar ) | co~>x0tt~ WEIGHTED=4 QNP=0 QED=1 QCD=2[ QCD ],

d d~ > x0 t t~ WEIGHTED=4 QNP=0 QED=1 QCD=2[QCD |,
s s~ > X0 t t~ WEIGHTED=4 QNP=0 QED=1 QCD=2 [ QCD ]

uu~>x0tt~ g XGLU=1 WEIGHTED=5 QNP=1[QCD ],

real | 12 4 postseript__| & &> X0 4t 8 X e e T A L 22 ).
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virtual (ttH)

diagram 37 QCDw4, QEDw1, QNP0 diagram 38 QCDw4, QEDw=1, QNP0 diagram 39 QCDw4, QEDw»1, QNP0
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real (ttH)

real diagram 31 QCD«3, QEDw1, QNP0

4

\!
6 A X0 .e- 3
3 1]
a" "
an® \ g
v
\ 9 -
5 1 5
QCDw3, QEDw1, QNP0 real diagram 36 QCDw«3, QED«1, QNP0 real diagram 38 QCDw3, QEDw1, QNP0
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3-min MadGraph5 aMC@NLO tutorial (ttH)

FeynRules: http://feynrules.irmp.ucl.ac.be/
MG5_ aMC: https //Iaunchpad net/mgSamcnIo

i /bln/mgS aMC '?"; 2 Start the MG5 aMC shell
§>1mport model HC NLO XO 1 = Import the model

§ >generate p p > x0 t t~ [QCD] § & Generate the process

{ >output mgSamcfemto § = Write the code (including html)
b O eeeeeeremoremood © Generate the LO/NLO events

The following switches determine which operations are executed:

1 Perturbative order of the calculation: order=NLO
2 Fixed order (no event generation and no MC2[N]LO matching): fixed_order=0FF
3 Shower the generated events: shower=0N
4 Decay particles with the MadSpin module: madspin=0ON

Either type the switch number (1 to 4) to change its default setting,
or set any switch explicitly (e.g. type 'order=L0' at the prompt)
Type '0', 'auto', 'done' or just press enter when you are done.

[0, 1, 2, 3, 4, auto, done, order=L0, order=NLO, ... ]

>

MadSpin: Artoisenet, Frederix, Mattelaer, Rietkerk [arXiv:1212.3460]
* allows one to decay narrow resonances in Les Houches Monte Carlo events.
* preserves both spin correlation and finite width effects.

Kentarou Mawatari (Vrije U. Brussel) |5 March 27,2015 MG5_aMC@ Kavli IPMU
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3-min MadGraph5 aMC@NLO tutorial (ttH)

Do you want to edit a card (press enter to bypass editing)?
1 / param
2 / run
3 / madspin

4 / shower

: param_card.dat

: run_card.dat

: madspin_card.dat
: shower_card.dat

[0, done, 1, param, 2, run, 3, madspin, 4, enter path, ...

>

param_card.dat

## INFORMATION FOR FRBLOCK

frblock

1.000000e+03 #
1.000000e+00 #
1.000000e+00 #
1.000000e+00 #
1.000000e+00 #
1.000000e+00 #
1.000000e+00 #
1.000000e+00 #
1.000000e+00 #

1
2
3
4
5
6
I'4
8
9

Kentarou Mawatari (Vrije U. Brussel)

run_card.dat

i

# Collider type and energy -
#“..‘.‘.0‘“‘.‘.“‘......““0‘..‘.0‘.‘“.“‘““““‘.‘..O“‘.‘.“....
1 = lppl ! beam 1 type (@ = no PDF)
1 = lpp2 | beam 2 type (@ = no PDF)
6500 = ebeaml ! beam 1 energy in GeV
6500 = ebeam2 ! beam 2 energy in GeV

#..‘O..‘....‘..‘.".‘.....“‘O....“..O‘....‘“.‘...“‘..O‘.......‘....‘

# PDOF choice: this automatically fixes also alpha_s(MZ) and its evol. *

Faadd A d A A A Al Al A Al dd ddd dll it d il i it Al d il il il i il d d

nn23nlo = pdlabel ! PDF set

230000 = lhaid ! if pdlabel=lhapdf, this is the lhapdf number
#O‘.‘.‘.“.‘....‘.“‘.....“.......‘...‘......“.‘..‘."....‘.‘...“....
# Include the NLO Monte Carlo subtr. terms for the following parton ®
# shower (HERWIG6 | HERWIGPP | PYTHIAGQ | PYTHIAGPT | PYTHIAS) ®
# WARNING: PYTHIAGPT works only for processes without FSR!!!! .

FOEPRRARRARRRANNNNRRANNRNRRANRRNRRNRNNNRNNNNNNANANNNNRRRNRRNRRRNNNRRNNONN

HERWIG6 = parton_shower
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Higgs characterisation in ttH

HC3: Demartin, Maltoni, KM, Page Zaro [arX|v 1407.5089]

- /bln/mgS aMC

{f>1mport model HC NLO XO i
£ >generate p p > x0 t t~ [QCD] %
§ >output mgSamcfemto %
£ >1launch ;

scenario oro (fb) onto (fb) K
0" | 468.6(4) T33 5 +45% 525.1(7) T l+2a% 112

LHC 13 TeV 0~ | 196.8(2) ¥31-1 +75% 224.3(3) #$.5, +32% 1.14
0= | 332.4(3) 7330 +5.4% 374.1(5) 150 +25%  1.13

* The total rate and the correlations between top
and antitop decay products can be sensitive to the
CP nature of the Higgs boson.

* NLO corrections cannot be described by an overall
K factor and the constant theoretical uncertainties.

Kentarou Mawatari (Vrije U. Brussel) |7
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0.10 |
0.00 §
-0.10
-020 —m———

2.00
1.50

1.00 |

SF

- pp—itX, atthe LHC13 (shape comparison) -
NLO+HERWIG6 +

- pr{Xg) > 200 GeV 81 (SM)
— 0

‘Cé) — _&t(caﬁuugnu <+ ‘isa"i,-‘lug.»uz 75) lr'"t Xo
B 0+(S.\I) K = 1 (CQ = 1)

0" Kaee = 1 (CO - 0)
Oi Kueeaee = 1 (CO — 1/\/.5)
CP-mixed |

CP-even (SM)

MadGraph5_aMC@NLO

ttX; uncertainties, NLO+PS

ttX; NLO+PS/LO+PS (with total uncertainties)
o* NLO+PS (u+PDF+ttg) — LO+PS (u+PDF
—_——_ I
050 F——+ o+ 1 1 T T Tty
0 1 2 3 4 5
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Total cross sections (ttH)

HC3: Demartin, Maltoni, KM, Page, Zaro [arXiv:1407.5089]

t T . f r
‘CO = =Yt (_CQK-IIugllu + 1SaKAttGAace A/'S_) Yt -XO

0+ (SM)
o

Kree = 1 (Ca - 1)

Kate = 1 (Ca — U)

Oi Kueeaee = 1 (Co — 1/\/5)

scenario oro (fb) onvLo (fb) K
0t | 130.3(1) 1358 +5.0%  134.9(2) 133 +3.0%  1.04

LHC 8 TeV 0 | 44.49(4) T322 +10.3% 47.07(6) T, +4.0%  1.06
0F | 87.44(8) 1382 46.0%  90.93(12) 139 £3.4% 1.04
0 | 468.6(4) 558 +4.5%  525.1(7) 1371 1+21%  1.12

LHC 13 TeV 0~ | 196.8(2) 7555 +7.5%  224.3(3) 705, +3.2% 1.14
0 | 332.4(3) 1330 +5.4%  374.1(5) T8 +25%  1.13

u$ = Y/mr (0 mr (7) mr (Xo)

1/2 < pr,F/po < 2

e g(0+) > 0(0-)
e §(0%) = ((0+)+0(0-))/2
e AG(0-) > Ac(0+)

®  Scale and PDF uncertainties are evaluated automatically at no extra computing
cost via a reweighting technique. Frederix, Frixione, Hirschi, Maltoni, Pittau, Torrielli [arXiv:|110.4738]

®  Such information is available on an event-by-event basis and therefore
uncertainty bands can be plotted for any observables of interest.

Kentarou Mawatari (Vrije U. Brussel)
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Distributions (ttH)

107 £

do/dpr{(Xy) [fb/bin]
a

102 |

'3 PR T T T T N N

1 l 1 1

L1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 L1 l 1 1 L1

10' F ppsfiX, at the LHC3 oM ® The difference is
[ NLO+HERWIG6 — 0 ]
I noc;ts 0* ]

significant in the low
pT region.

® The high-pT tail is
not sensitive to the
CP mixing.

= |s the boosted-Higgs

MadGraph5 _aMC@NLO

10
0 100

200

analyses still sensitive
oy eV to the CP mixing?
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Distributions without and with a boosted Higgs (ttH)

= = B S e !
0z z . 020 : . 020 | it
pp—-tlX; atha LHC13 (shapa comperison) pp—iX, atthe LHC13 (shape comparison) pp— Xy aitneLH ,
04a | NLOssERWIGE — 0" (SM) | 048 | NLOsHERWIOS — 0" (SM) | . | M.o H:meas ! n O C uts i
. —_— - —_—0 )
no cuts no Cuts .
— — |
016 | . 016 | . 015 | ﬂ - - §
014 | . 0.14 | . 0.14 | .
012 | . . 012 .
010 | . . 0.10 .
Q o o
—
ooe -§ . 008 | .
005 | 4= . 0.06 | .
oo4 | . g . g 0.04 | . %
3
ooz | L E . g 002 | . g
=
0.00 : 0.00 1
4 2 0 2 4 o 1 2 3 4 5 3
nXq | ANt |
*—m =
020} z 0 | G R 020 | '
pp—-tlX, at e LHC13 (shapa comperison) | pp—iX, atthe LHC13 (shape comparison) pp— Xy anheu»i ‘
048 | NLOsHERWIGS — 0" (SM) _ 048 | NLOsHERWIOS —— 0" (SM) | 048 | NLOsHERWIGE > ‘
prXo) > 200 GaV p— T priXo)> 200 GeV p— T priXy > 200 GeV P e |
016 | . 046 | . 015 | I
014 | . 0.14 | . 0.14 |
012 | . 042 | . 012 F
010} . 0.10 | . 010 |
g o
oos -§ 0.08 | - 0.08
0os | 4= 005 | . 0.06
oo4 | -é 0.04 | - 0.04 |
ooz | e 002 | - 002 |
=
000 1 1 1 1 1 0.00 1 1 1 0.00
4 2 0 2 4 -4 -2 0 2 2
Xy nit | ANt |

® The most CP sensitive distribution is the rapidity difference between
the top and antitop, which is hardly affected by the pT(X) cut.
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Correlations between the top-decay products (ttH)
(in the di-leptonic channel)

020 - pp i, at the LHC13 (mapecompan‘ssow e | ppaﬁ?(q atthe LHC13 (shape compa_n‘:o:') l 011 I ppoatix, atmeu% | - '
018 : mimy : §, 018 ﬂ‘&’mm E%: : ::;: : :ég‘mﬁmyﬂ n O C uts I

i B ol 5

fs | g

A | ] TAn(b,jb) [3 5 T -c;:. S:;?r . ol,s 1.0

020 po ufiX, atthe LHC13 (shape comparison) 1 020 [ pn .fiX, atthe LHC13 (shape comperison) | 011 I ppafix, atthe u{ "
ass | MowEwcE — 8—: (SM) | ate | NowERwos g 010k NLO‘HE%K:&V ) P I (X) >200G ev )|
ey — 0 o

016 | 1 016
0.07 -
0.06 |- | b
0.05 - E
0.04 -

014

Mn.dim;.:h.': n.MCOINLO '
Mnla’.im;l:hs nlMCOINLO l

1 1 1
MacGraphS_aMCEONLO

0.03
0.02 |
001 |
0.00 A A .
5 2 3 -1.0 -05 00 o5 10
|ANT* ) | | AN Gy dp) | cose(r N

® As expected from the An(t), An(l) and An(b) are almost insensitive to the pT(X)
cut, while the angle between the leptons (b jets) is significantly affected by the boost.
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0.18

Theoretical uncertainties (ttH) °*

scenario oo (fb) onro (fb) K
0" | 130.3(1) 395 +5.0%  134.9(2) *32130%  1.04
LHC 8 TeV 0™ | 44.49(4) 1332 +103%  47.07(6) $°, +4.0%  1.06
0% | 87.44(8) 1337 +6.0%  90.93(12) 137 +3.4% 1.04
0" | 468.6(4) 328 +a5%  525.1(7) 13T 42a%  1.12
LHC 13 TeV 0~ | 196.8(2) 1302 +7.5%  224.3(3) 195, £329% 1.14
0% | 332.4(3) 133%45.4%  374.1(5) TS0 +25%  1.13
The NLO corrections
* considerably reduce the theoretical
uncertainties.
e cannot be described by an overall K factor
and the constant theoretical uncertainties.
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- pp—itX, atthe LHC13

NLO+HERWIG6
pr(Xg) > 200 GeV

(shape comparison)
0* (SM)
— 0

0+

NLO+PS (1+PDF+t)

itX, NLO+PS/LO+PS (with total uncertainties)

~— LO+PS (u+PDF

——————

e e e e e e i e £ T

-

Tyt ———

NLO+PS (1+PDF+ay)

—— LO+PS (u4PDF)
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Brussel ./bin/mg5 aMC ‘
§ >1mport model HC NLO 3
£ >generate p p > x0 j 7 QCD=0[QCD] #
VB F ¢ >output 1
2 >launch 3
Scenario HC parameter choice - pp—X,ij (VBF) at the LHC8, NLO+PS o* (&M -
4 L i
0*(SM) Ky =1 (cq = 1) 10 [0 (HD) —
0* (HDder) —— ]
07 (HD) Kuzz.uww = 1 (Ca = 1) : 0* (SM+HD)
0" (HDder) Kuaz.maw = 1 (€ = 1) 1072 | 0'(HD) — _
. : 0* (HD) :
07 (SM+HD) Ksuuzzaww =1 (Ca =1, A=)
07 (HD) Kazz.aww = 1 (€ = 0)
-3
0*(HD) Kuzz.azz.awwaww = 1 (ca = 1/4/2) 10 3
Scenario oLo (ﬂ)) ONLO (tb) K 10‘4 alMIC?N}OI‘FI:IEIRIWIIGsl TR SR SN SR NN TR TR TR TR M SR SN | I T S B
: { o LNLO+PS/NLO i
0*(SM) 1509(1) *31 % 1633(2) F20 % 1.08 ' ‘
+15 % +2.2 %
0*(HD) 69.66(6) 1> % 67.08(13) 22 % 0.96
0*(HDder) 721.9(6) T4 10%F 684.9(1.5) 133 & 0.95
0 (SM+HD) 3065(2) 130 ¥ 3144(5) 719 '; 1.03
0~ (HD) 57.10(4) F/7 % 574(|1>+§;§ 0.97 P T A el ~= = : L
0 (HD) 63.46(5) +15 % 6107013)*23% 096 0 500 1000 1500 2000 2500 3000

m(j1.Jp) (GeV)
® The mijj distributions are all very similar (except the scenario
with the derivative operator.

® The QCD corrections tend to make the tagging jets softer.
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'aMC@?;JLO+HEFiWIG6 [ aMC@NLO+HERWIG6E

PEEPEE R PP : 1o s 2 32 s o0, o L., ., . PR PR .
] 7ol PS/NLO D{” _‘:H:H: ]
- ’ [k i -0 A= O

ietantd  oof

0.6 ._I PO NN U NN TN TN TN TN N Y SN NN SN NN SN TN SN SN N SN U UM 1 lll" |I r. | T I 1 11 . =T P N

0 100 200 300 400 500 600 700 800 0 100 200 300 400 500 600 700 800
P (GeV) p (GeV)

1.2 FNLO+PS/NLO

RPN | v s P Y

® The unitarity violating behavior of the HD
interactions, especially HDder, clearly manifests itself.
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mijj cuts (VBF)
acceptance cuts only == “rammmms——m=)  Femms _
! = :: ] Ll mm= o

0.04
0.04

0.02
0.02

0k
12
1
08
06 Bt
12
1
08 F
08 k

lAn(ii ' b)l IM(jp b)l

0.1

[ Pp-+Xgi (VBF) at th LHC8, NLO+PS —— PP+Xgi (VEF) at tho LHC8, NLO+PS
M 500 Gev o 0.08 [-m{&1>600 GaV et

lAnGy, il
° The mijj cut effectively suppresses the central jet activity, especially for SM.

° The difference among the scenarios becomes more pronounced.

° NLO corrections cannot be described by an overall K factor, and also depends on the applied cuts.
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Higgs + 2 jets

HC2: Maltoni, KM, Zaro [arXiv:1311.1829] HC3: Demartin, Maltoni, KM, Page, Zaro [arXiv:1407.5089]

G = -~ o g ¥ sl S T g 5 3 ES

{ ./bin/mg5 aMC

£ >import model HC NLO XO-heft f
§ >generate p p > x0 § j / t [QCD] §
¥ >output 1
£ >launch 3

£ ./bin/mg5 aMC

£ >import model HC NLO XO ]
§ >generate p p > x0 j j $$ w+t w— z QCD=0 [QCD] %
¥ >output 3
£ >launch 3

LHC 8 TeV q N
L] =—=(cak G GUHY K G GV X
Scenario oo (fb) onLo (fb) K 0 4 (Ca HagJHgg Ty + Sakageass Gy ) 0
07 (SM)  Kuge=1(ca=1)
+/C +4.7% 9 +20%
0™ (SM) 1509(1) 47 % 1633(2) 20 % 1.08 0- fnss = 1 (ca = 0)
- +75 % +2.2 %
0*(HD) 69.66(6) *73 % 67.08(13) +22 % 0.96 0t Kttas nee = 1 (Ca = 1/v/2)
+ " +11.0 % $2.3 %
0+ (HDder) 721.9(6) F1LO 684.9(1.5 335 095 ——— p——. p—E .
+ ny +5.6 % +1.6 % -
0"(SM+HD)  3063(2) 75, 4 314405) 2y % 1.03 0+ | 1.351(1) *57! saa%  1.702(6) T127 117% 1.6
0~(HD) 57.10@4) ¥ % 55.24(11) F35 % 097 LHC8TeV 0~ | 2.951(3) *572 +44% 3.660(15) *201 +1.7% 1.24
0*(HD) 63.46(5) 15 % 61.07(13) F33 % 0.96 0= | 2.142(2) TS0 s +4.4% 2.687(10) T08 +1.7% 1.25
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GF vs.VBF

HC3: Demartin, Maltoni, KM, Page, Zaro [arXiv:1407.5089]

GF vs VBF .
E pp—Xgji at the LHC13 N ((gf) SM) -
F NLO+HERWIG6 — 0 GF?:
- acceptance cuts only T 8+ SF’ ah[;l;
------- 0, (VBF, HD)

0* (VBF, HD) |

o — ey

________

nnnnnnnnn

. 1000
M(jp.j2) [GeV]

MadGraph5_aMC@NLO

* Di-jet correlations are still sensitive probes of
the CP mixing of the Higgs boson even after PS.
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pp—X,ii at the LHC13 o GESw | 2
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- e o*(v BEHD) -
_______ o ,
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] S
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—— S— | )
] e g
1
GF uncertainties, NLO+PS
GF NLO+PS/LO+PS (with total uncertainties)
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Vector-boson associated production (VH)

scenario HC parameter choice
07 (SM) ks = 1 (ca = 1)
Oi(HD) Kuzzuww = 1 (ca = 1) Maltoni, KM, Zaro [arXiv:1311.1829]
0 (HDder) Kuoz uow = 1 (Ca =1) I +_- \ L
0+(SM+HD) Kot 17z mww = 1 (Ca —1. A= v) :pp—>XOZ (Z—e e) at the LHC8, NLO+PS g ifg; —
0~ (HD) Kazz,aww = 1 (ca = 0) o L OPLS(:D::; — |
Oi(HD) KHZZ AZZ HWW,AWW — 1 (Ca — 1/\/5) 0 (HD) —
L[ | 0*(HD) ——
scenario oo (fb) onro (fb) K H
0" (SM) 10.13(1) j‘%i; 13.24(1) +§ 22 131 102 p| = \mm
0 (HD) 2.638(2) ti v, 3461(3) Ty e 131 1 :
01 (HDder) 48.61(4) T3 g; 63.59(5) 2 9;;; 1.31 in
0t (SM+HD) 19.95(1) T317%  26.24(2) +} 6o 132 [amcenioseRWwG L
0~ (HD) 1.480(1) T3 g.gf, 1.952(1) Tt é; 1.32 1?_4 - NLO+PS /NLO E
0+ (HD) 2.061(1) Ti o0 2.705(2) +} qe 131 12 -
1-...l....l.-...l....I.."..l....I....-.-.!_IJ_
e Scale and PDF uncertainties are evaluated 1 4 [NLO+PS/LO ]
automatically at no extra computing cost via a 12 == - = U5
reweighting technique. B
* Such information is available on an event-by- 50 100 150 200 250 300 350 400

. . lep,hard
event basis and therefore uncertainty bands can Py (GeV)

be plotted for any observables of interest.
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Higgs decay to 4 leptons

22— 77T L A L S S S S B B B S S B B B

L pp > X(0) - 41 atthe LHCS b o X(O) >4l atthe LHCS

?\ \ B ¥ 0 Kgy=1 e - :

/ """""" /\N\a‘( / : O . KI‘IE:I n : 06_— —_
e 0 \A(b k \ : """"" 0 KAE: : 04__ —_

" P = _ B ]

f 0'05: . 0.2 =

i 5 : - : | S

% 00 1 05 0 05 1

m, , (GeV) ) cos6®

6 L L S S S S S B S B S B B B S B3
pp — X(0%) — 41 at the LHCS

0.8 pp — X(0%) — 41 at the LHCS
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f./bin/mg5 aMC

{>import model HC |
t>generate p p > x0, x0 > mu- mu+ e- e+}
I >launch i

lllllllllll
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