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How can we find the BSM physics?
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\/Find new particles/phenomena.
=) Top-down approach: SUSY, ED, 2HDM, ...

\/Find small deviations from the SM expectation.

=) Bottom-up approach: Effective field theory
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How can we find the BSM physics?

\/Find new particles/phenomena.
=) Top-down approach: SUSY, ED, 2HDM, ...

\/Find small deviations from the SM expectation.

Effective field theory

=) Bottom-up approach:
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Is this the Standard Model scalar boson?

B Higss boson precision measurement
B determination of the Higgs boson Lagrangian

- the structure of the operators, linked to the
spin/parity of a Higgs boson

p distributions
- the coupling strength

p rate

Kentarou Mawatari (Vrije U. Brussel) 4 /20 July 21,2014 SUSY2014@Manchester



Effective field theory approach

® Given the fact that only a 125 GeV SM-like boson and nothing else so far,
the effective field theory approach is one of the best way to explore BSM
effects.

p All new particles and phenomena are assumed to appear at some scale A.
Not predictive at scales larger than A — loss of unitarity

p Below A, all new physics effects are parametrized by higher dimensional
gauge invariant operators made of SM fields. & many parameters

» No assumption on the form of new physics = model independent

» Renormalisable order by order in the scale A = systematically improvable

1 Buchmuller&Wyler 1986 ...

£ — [:SM I A2 £6 _|_ .« . LG — Z C@Qz Grzadkowski et al. 2010
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Higgs effective Lagrangian
before vs. after EWW symmetry breaking

® D6 (the gauge basis): HEL [Alloul, Fuks, Sanz, arXiv:1310.5150]

Only using Standard Model gauge-eigenstates

Several operators may be associated with a single coupling (in the mass basis)
One operator associated with several couplings (in the mass basis)

The relation between the Higgs and gauge sectors

vV vV VvV Vv Vv

https://feynrules.irmp.ucl.ac.be/wiki/HEL

® D5 (the mass basis): HC [Artoisenet et al., arXiv:1306.6464]
Couplings of the physical Higgs boson to the Standard Model (physical) states

One operator associated with a single coupling (and Lorentz structure)
No relation between the Higgs and gauge sectors

No assumption on the Higgs boson spin

vV vV vV Vv Vv

https://feynrules.irmp.ucl.ac.be/wiki/HiggsCharacterisation
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FeynRules(v2.0) in a nutshell

Alloul, Christensen, Degrande, Duhr, Fuks [arXiv:1310.1921]

- a Mathematica package that allows to derive Feynman
rules from a Lagrangian.

- allows to export the Feynman rules to various matrix
element generators, e.g. CalcHEP, FeynArts, MadGraph,
Sherpa, Whizard, ...

® The only requirements on the Lagrangian are Locality and
Lorentz invariance; no limitation for the dimensionality.

e Supported filed types are spin-0, 1/2, I“ nd 2 (as well

as superﬁelds). [Christensen, de Aquino, Deutschmann, Duhr, Fuks,
Garcia-Cely, Mattelaer, KM, Oexl, Takaesu, EPTC(2013)]

Kentarou Mawatari (Vrije U. Brussel) 8 /30 Oct. 14,2013 HC2013@Freiburg
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MadGraph5 aMC@NLO in a nutshell

Alwall, Frederix, Frixione, Hirschi, Maltoni, Mattelaer, Shao, Stelzer, Torrielli, Zaro [arXiv:1405.0301]

® performs automatic
computations of tree-level
and NLO differential cross
MadGraph sections

matches LO and NLO
calculations to parton

CutTools showers via the MC@NLO
method

® merges LO (MLM) and NLO
(FxFx) samples that differ in
parton multiplicities.

MADGRAPHS5_AMCE@NLO

Kentarou Mawatari (Vrije U. Brussel) 9 /20 July 21,2014 SUSY20l4@Manchester


http://arxiv.org/abs/1310.1921
http://arxiv.org/abs/1310.1921

Higgs Characterisation (HC) model

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

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

in FeynRules.

- any-process, any-decay, any-observable

- 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.

Kentarou Mawatari (Vrije U. Brussel) 10/20 July 21,2014 SUSY2014@Manchester



Vrije
Universiteit
Brussel

cl=—

Effective Lagrangian -- spinQ

Z bi(Cakinsrgurs +isakarsgass ¥5) Vs Xo
t hr
1

f

ACX = {CQH’SNI [_gsz ZpZu T Guww W:‘/V—u]

I
DO | = | = | = DD |

N e

N

2

v . ALV
" [CQK“H'WgH’W AI-WA# + SaRayyGay~y AI-WA# ]
I v ; AL
Calknz~y9uzy ZuVA“ + SakKazyGaz~ Z;wAu ]

PR a a,uv a a,pv
|CaRngg9rag GuuG H T SaKaggs9agg GuuG i ]

CaRpuzz ZpuZuV + SaKazz Z“VZMV]

P - —uv . + 17—V
Cakuww Wi, W + sakaww Wi, W]

Co [ﬁ:,,m A oA"Y + kyoy 2,0, 21

t (kuow W0, W 4 hic)] }xo

parameter description
A [GeV] cutoff scale
Ca (= cosa) mixing between 07 and 0~

Ki

dimensionless coupling parameter
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Effective Lagrangian -- spinQ

Lg —_ — Z ?f—)f(Cal"{,Hfngff + iSQH'Afngff ’75)wa0
f=t.b.T

1 _
‘Cg = {CQRSM [§gsz Z#Z“ T Guww W:‘/V #]

v . ALV
I:CQK:H‘)‘WgH'Y’r' AI-WA# + SO‘h'Avng'y'v AI-WA# ]

] v . ALY
CaRnz~y9uz~ ZpVA“ T SakKazyGazy Z;wAu ]

2 Bl =l Bl o Bl SV Bl

W a va,pv . a a,pv
CaRngg9Hag GuuG H 1 SaKaggs9agg GuuG H ]

CaRuzz ZpuZuV + SaKazz Z“VZMV]

B - —uv . + 17—V

N

Co [ﬁ:,,m A oA"Y + kyoy 2,0, 21

= |

t (kuow W0, W 4 hic)] }xo

parameter description

A [GeV] cutoff scale

Ca (= cosa) mixing between 07 and 0~

Ki dimensionless coupling parameter
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Effective Lagrangian -- spinQ

Lé = — Z ?f—)f(CQ-I{vangff + 'isah.'Afngff 75)wa0
f=t.b.T

1 _
Lg = {CQ"CSM [59}122 ZuZu T Guww W;W ﬂ-]

. v . Apv
[Cah'li'y'ng'y'}' A/J.VA# + Sa f‘-u-‘x'mgA'y'y A/J.VA# ]

2 Bl =l Bl o Bl SV Bl

mwe v i ALY
CaRnz~y9Hz~ Z[.lVA“ T SaKazyGazy Z[J.VA# ]

[ A a a,uv . a ~a,uv
CalRnggdHgg GuuG o + SaKaggGagg GuuG s ]

Calknzz Z/,me/ + SakKazz Z/J.VZ“V]

[ ke + 17KV . + A —uv
CaRpww Wm/W HY 4 SaKiww W# VW H ]

Ca ["{'uaﬂ, Auap.Am/ + Knoz ZuauZuV

= |

+ (Know W8, W 4+ hoc.)] }xo

parameter description

A [GeV] cutoff scale

Ca (= cosa) mixing between 07 and 0~

Ki dimensionless coupling parameter
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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 ",." _+_ 7— “ - ~++ 1
Eo — {Cn KSM [QQHZA 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 #
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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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Higher order effects in QCD

® The LO predictions can be systematically improved by including the effects
due to the emission of QCD partons.

p LO Matrix-Element/Parton-Shower merging [ME+PS]

p  full-NLO matrix element with parton-shower [MG5 aMC+Herwig/Pythia]

loo ] ] L] [ L] ] ] ] I 1] L] L] ] I ] L
E pp~ X(J¥) in aMCO®NLO do/dp,/0., at the LHCB

0+
o_

1024 ¢%¢§{%%¢%|
Ratio ME+PS/aMC@NLO

100
pr (GeV)

0.026
0.020
0.0155
0.010 |

0.005

L | I UL I Ll

] L] I L L] ) L] I L] ] L]
pp~ X(I%) in aMCONLO do/dp,/0. at the LHCS

0+

2.0 E——

156

1.0

0.5

Good agreement between the ME+PS and
MG5_aMC predictions for most observables.
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| -min MadGraph5 aMC@NLO tutorial

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

'm/blh/mgs

aMC

| >import model HC NLO X0

i >generate p p > x0 e+ e-

f >output

{>launch

[ocD] §

~§ = Start the MG5_aMC shell
{ = Import the model

& Generate the process

{ © Write the code

%) Generate the LO/NLO events

SubProcesses and Feynman diagrams

2

-
4
\.

Directory Type|# Diagrams|# Subprocesses ngYng SUBPROCESS
PO_ddx_x0cpem no_abom |1 |2 possept |77 0 ev o XGLU=1 WEIGHTED=6 QNP=1 [QCD |
virt |1 : postscript 33:: x?ci+c?-WWI§EII(SG}§ITTE'EI§):66§I§§: l1 gggjzzl[&cg ]] |
el |2 : possaript (4 e WEIGHTED? ONbot (D]
w22 posserpt | 2077 0 ev - 5~ XGLU=1 WEIGHTED=7 QNP1 [QCD |
el |2 |2 posserpt |37 J0¢r ¢ 5 XGLU=1 WEIGHTEDS7 QNP=1 [QCD |
Kentarou Mawatari (Vrije U. Brussel) 14 /20 July 21,2014 SUSY2014@Manchester
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| -min MadGraph5 aMC@NLO tutorial

virtual]

; ",'/ ) \‘\5‘ ’ '+ _
= 9 Ca’\'s.\l [_0!177 Zu“ Guww u/# W “]

2 - < £

N —

.y . ) o
: T - TS

\
TS T SO NN

P AV . , AV
| CaRuy~yGH~~ AuuAu t SaKayyGay~ A;wA“ ]

[ . r v . r Y v
Calnzy9nz~ A;,WA“ + SaKaz~Gazy ZpuAp ]

[ . a a,uv a a,pv
X OhllgggllgnguG : +SQ" \gggiggG G H ]

P e

+ (KnowW 8, W~ ‘“’+hc)]}X0
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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 + 2 jets

Maltoni, KM, Zaro [arX|v 1311. I829] Demartin, Maltoni, KM, Page Zaro [arX|v 1407. 5089]

- /bln/mg5 aMC ; é /bln/mgS aMC |
£>import model HC NLO XO $ § >import model HC NLO XO-heft

§ >generate p p > x0 j j $$ wt+ w- z QCD=0 [QCD] % { >generate pp > x0 j J / t [QCD]:
¥ >output 3 ¥ >output :
£ >launch i £ >launch

LHC 8 TeV
Scenario oo (fb) onLo (fb) K scenario oLo (pb) onLo (pb) K
i + = +67.1 +19.7

0 (SM) 1509(1) iiz; 1633(2) *2 (5):: 1.08 0 1.351(1) T35 s +4.3% 1.702(6) "o +1.7%  1.26

s o LHC 8 TeV 0~ | 2.951(3) 1505 +4.4% 3.660(15) Tio s +1.7% 1.24
0% (HD) 69.66(6) T2 2 67.08(13) 755 & 0.96 + Py Py

66 % 23 0F | 2.142(2) *57-1 sa4%  2.687(10) T8 117%  1.25
0*(HDder) 721.9(6) FAL0* 684.9(1.5) 133 & 0.95
0F(SM+HD)  3065(2) ¥3¢ % 3144(5) T16 % 103 ® NLO corrections improve the predictions of
0~(HD) 57.104) F17 % 55.2411)*21% 097  the total rates by reducing the scale dependence
0%(HD) 63.46(5) 178 % 61.07(13) ¥23 % 096 and the PDF+xs uncertainty.
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GF vs.VBF

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

GF vs VBF

NLO+HERWIG6E

| acceptance cuts only

F pp—Xgji atthe LHC13

[ p—
e ey

nnnnnnnnn

AAAAAAAAA

— 0,(GF)

—— 0: Ve s

0* (GF, SM) 4

0, (VBF, HD)
0* (VBF, HD) _

MadGraph5_aMC@NLO

______
_______

] TR

nnnnnnnnn

500

1000

m(js.jo) [GeV]

* Di-jet correlations are still sensitive probes of
the CP mixing of the Higgs boson even after PS.

Kentarou Mawatari (Vrije U. Brussel)
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0.35

0.25

0.20

0.15

0.10

0.05

0.00

0.30

0.20
0.10
0.00
-0.10
-0.20

200 |

1.50
1.00
0.50

GF vs VBF (shape comparison) %
pp—X,ii at the LHC13 o GESw | 2
NLO+HERWIG6 —— 0,(GF)
" —— 0" (GF)
m(jq.jp) >500GevV T 0* (VBE, SM
- e o*(v BEHD) -
_______ o ,
------- 0* (VBF, HD)
r___f
= —-- . - O
i ,:}_rf_ ________ 2
] S
i I =
I | I
;L_————Jj o 2'
e e b | g
= H-—-— rh 1G5
—— S— | )
] e g
1
GF uncertainties, NLO+PS
GF NLO+PS/LO+PS (with total uncertainties)
o* NLO+PS (u+PDF+xg) —— LO+PS (u+PDF)
. ‘_,_l :
= - - . - - - - . ; -
0 2 R
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Top-pair associated (ttH)

Demartin, Maltoni,

$ >output

KM, Page, Zaro [arXiv
f./bin/mgS_aMC

£ >import model HC NLO XO
% >generate p p > x0 t t~

£ >launch

>

11407.5089]

roco] §

scenario oo (fb) onro (fb) K
0" | 130.3(1) 1365 +5.0%  134.9(2) 32 130%  1.04

LHC 8 TeV 0~ | 44.49(4) 1322 +10.3% 47.07(6) 1§, +4.0% 1.06
0% | 87.44(8) 1333 +6.9%  90.93(12) 137 +3.4% 1.04
0t | 468.6(4) *328 +a5%  525.1(7) F3T 4009  1.12

LHC 13 TeV 0~ | 196.8(2) 1302 +7.5%  224.3(3) 195, £329% 1.14
0% | 332.4(3) #3310 45.4%  374.1(5) 1§ +25% 113

* NLO corrections cannot be described by an overall

K factor and the constant theoretical uncertainties.
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0.02

0.00

0.20
0.10 ¢

0.00

-0.10
-0.20

2.00
1.50

1.00 |
0.50 [ 1 1

- pp—itX, atthe LHC13 (shape comparison) - \
NLO+HERWIG6 0* (SM) 4
- pr(Xp) > 200 GeV — 0, I
— 0
10
-
8
1=
«
lhl
1a
~
ik
ttX; uncertainties, NLO+PS

0#

ttX; NLO+PS/LO+PS (with total uncertainties)

NLO:PS (1+PDF+etg) —— LO+PS (u+PD

o . s s
USRS —— -

s s ST [ s S

B

—

2 3 4 5

| An(7) |
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Summary

® After the discovery of a Higgs-like resonance at the LHC, the main
focus of the studies now is the determination of the Higgs Lagrangian.

® This includes
= the structure of the operators,

- the coupling strength.

® The Higgs Characterisation (HC) results at NLO+PS are obtained in a
fully automatic way through the implementation of the relevant

interactions in FeynRules and then performing event generation in the
MadGraph5 aMC@NLO framework.

® NLO corrections improve the predictions by reducing the theoretical
uncertainties, and NLO+PS effects need to be accounted for to make
accurate predictions on the kinematical distributions.
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D6 Higgs Effective Lagrangian

[ from Contino, Ghezzi, Grojean, Muhlleitner, Spira (JHEP ’13) ]
[ Alloul, Fuks, Sanz (1310.5150) ]

C t i Cr ot ¢ i t 2
Lo = F6#‘[<1> 2]9,[0'0] + [0 D" ¢] [¢' D 0] - v—z[H H]® o 3gr:uu DhO T DV BT, gmcun Drt DB, + LB, B
# . é. & _ ! u W u
_Zy“q)¢ Q? - Ql.-ulf - T;-def¢ q)QLdR + —2y( q)Q QL;{eR - h.C.] gs C, K » '; “'3“_, ; SRk gs C3(: = vb Fouc
: o = P’ ‘I)G#VG” m2 eijk"Vqu '},Wp# +m_2-fach#l’G G
‘lg " v zg Cx 3 . 'B w w w
P’ ! Vv rd
+ T2 "Iy, D @) D'WE, + e Drelo s,
2ig Cyy y k 7'9 Chu y 9 _ q _ K
4 D*®' Ty, DV®|W D*®'DV®|B,, 3¢ 3 G X : ’
m-.s' [ J ;u/ m'.iv ] ‘CC o g,m?;u Uﬂ.w;wvvyj I’Vp#k g:n(«:“' fachauGuszﬂc € %D#HI:V‘DPWA{”
g/‘) 2 gs . & '.1 w w
mz Q*¢B,“;B‘“ ml Q (DC'”,CI‘ J'H auB 6 Bpu ?( DpGa D Gpl/
> mﬁ m3,
iCugq A A1 426@r k 2¢' &, 4q Cuw o
Lr = —5 [Quy'QuL] (@' D] + —22 [Quy " TuQr) [#'T5 D 0] Lp, = gmz =—yu ' - QLY ur By — ’%2'_(—2/‘11 &' . (QLTok) ¥ ur WE,
H
zc”. B t ZCuf u 4. Coc: = 2 C,
e ] 8/ D,0] + 54 G [0/ D) 8, 01 Gy Tan, + 2y, 00, B
w
chu — M
— dgl[e- T »®| +h. Ldgc dgs C, i
! 72 [ary"dg] [ ] C] fn ;‘ ®(QLTox )y dp W,f,, 9;1‘” ya 2QLy" ' T,dpGs,
iCur 7 p i 4icy,;, 7 m Tk 2g c, 4g c, . !
+ —5 [Ler*Li] [ 2]+ == (L' T L] [9'T3 D8] v PLiy* e B+~ O(Li Ty e I-V‘f,,+h.c.]

i+ szz’ [erren] (21D ,9)] .

4 The model file is publicly available. (https:/feynrules.irmp.ucl.ac.be/wiki/HEL)
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Mapping between the D6 and D5 operators

HC [arXiv: 1306.6464] HEL [arXiv: 1310.5150]
f_ - )
Lo = fzt; U (CakinssGuss +iSakasrgars ¥5)¥sXo Eq. (2.25) | Ref. [46] | Section 2.1
= ? 7T
4é,q9%v
1 . ghgg cunllgggllgg Ju — _,T"_
c(‘), = {Cansm [§guzz ZyZ" + guww W;W “] . 4z z;n"
Ghgg SaKaggGage | — _,,z;i'—
1, ~ 8gcy s
~ g lCakurGny A A" + 50k pyyGary A AP oery Cakur G | G = =g
~ Bgdy siy
1 ~ Gnyy SaKavbavy | ——"mw
) CaRuzy9Hz~ ZpuA‘w + SaKazyGazy ZpuA‘w] (1) 1 2 [~ o - 4 _
1 Ghzz ACaluzz p“—,i; .Cuasw —4¢c, s, + &vcnw]
— Z CaKrgg9rag quGG,#V + SaK ag094qq Gz,,Ga’”u] Gh: = KI'SGK'AZZ ;a%ﬁv .énnsav - 4578‘3¢ + Ca,éuw]
11 A A Zuv 9:(32 %cannoz ?—ﬂ_,mw (Caw + Ew)ca, + (ég + E"B)s?v]
- ZZ Caluzz Luv + SaKazz Z;wZ ] 3) W - 4
11 Gh:: CaKSM3Hzz ﬂc"u?y' [1 - %5n — 2¢r + 85,%]
- + J—Hv + WHv P _
5 7 [Cammow WEW ™ 4 sakamw Wi W] 0| g, | 25 o — s+ 80,8
1 = gsw [~ = = 2]
. an ["::"6’7 Zua“Apu + Knoyz Zuauzpu Ghaz Sakazy9azy | Grmw :Cuw Cyp + 8,83,
s ) gr(.fl %ca"no-y a% Cyw — Cyp — Cp + éw]
—pv
+ (K'uow Wy a"W + hc)] }Xo g;('.L)w %Cafﬁnww ;fwg—(-!uw
7 1 g ww l —2L~
Vpu — qu . Q,V# (V — A, Z, W:l:) , va — §€pupavpa gl(h ) ASafaww Ty CHW
2 1 9 |a -
G - .62 8.1 el N g i
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Mapping between the D6 and D5 operators

HC [arXiv: 1306.6464]

L({ = — Z "/;f(can}l!fgu.f! +1SaKassGass '75)¢fX0

f=tbr

1
Ly = {Ca""sM [§guzz ZuZ" + guww Wy W]

N S e e e S

.ca
{ — — K ;
A Ca Hzz,

2A
1

- an [nna.y ZyapA“V + nnez Zya“Z#V

:caK”'”g”TT A#VA‘W + SaK Ay Gay~y A}AUZ”V]
:CQK'"‘Z"g”Z‘Y Z#VA‘W T SaKaz~Gazy Zyuz‘w]

ggg"” GzVGa”w T SaKag994q quéa,#l’]
puz’w + 8aKazz Z“VZPV]

- = [CQKHWW W'-:-‘,W_”V + sanAWW W’;{;,W_"V]

+ (KuowW,f 0 W™ + h.c.)] }Xo

Viw =0Vo — 0,V (V=A,Z,W%), V,

Go, = 8,G%—0,G% + g.f

abc ~b ~c
G'#Gu,

1

Y2

HEL [arXiv: 1310.5150]

Eq. (2.25)

ngg
ghu
Ghyy

Gny
1

9h)

ghz 3

9he)

(3)

Ghzz

1
9\
ghcz

(2)

ghaz
1

e

ghww

(2)

ghww

Ref. [46]
Calpy gggﬂ g9
SaKaggdagg
Calpyy Gury
SaKkayy9ayy
1

ACakuzz

1

ASaKazz

1

ACalnoz
CakSMGnzz
Calpuzy9uzy
saK'Az-y gAz-y
1

A Calnoy

1
ACaknww

1
ASalaww

%Ca Kuow

Section 2.1

911-4—6"%?'3

M
2

. ﬁzglv
mi,
8gc+ 3
o — ok
_sgé‘ysar
Cupss, —4¢,s8 + c?,,é,,w]
éynsa, — 4&,8& + Caréuw]

Py .(Enw +&w)ey, + (Cs + E,,B)s?,,]

winw
1
ﬂc",‘fﬁ[l — 3&n — 26¢ +8¢3,%]
Sl Cyw — Cup + 85.,33,,]

S = - -
—E,L Caw — Cuyp + 8013%;/]
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Mapping between the D6 and D5 operators

HC [arXiv: 1306.6464]

L({ = — Z "/;f(can}l!fgu.f! +1SaKassGass '75)¢fX0

f=tbr

1
Ly = {Ca""sM [§guzz ZuZ" + guww Wy W]

N | = RO = ] =

.ca
{ — — K ;
A Ca Hzz,

2A
1

- an [nna.y ZyapA“V + nnez Zya“Z#V

:caK”'”g”TT A#VA‘W + SaK Ay Gay~y A}AUZ”V]
:CQK'"‘Z"g”Z‘Y Z#VA‘W T SaKaz~Gazy Zyuz‘w]

ggg"” GzVGa”w T SaKag994q quéa,#l’]
puz’w + 8aKazz Z“VZPV]

- = [CQKHWW W'-:-‘,W_”V + sanAWW W’;{;,W_"V]

+ (KuowW,f 0 W™ + h.c.)] }Xo

Viw =0Vo — 0,V (V=A,Z,W%), V,

Go, = 8,G%—0,G% + g.f

abc ~b ~c
G'#Gu,

1

Y2

HEL [arXiv: 1310.5150]

Eq. (2.25)

ngg
ghu
Ghyy

Gny
1

9h)

ghz 3

9he)

(3)

Ghzz

1
9\
ghcz

(2)

ghaz
1

e

ghww

(2)

ghww

Ref. [46]
Calpy gggﬂ g9
SaKaggdagg
Calpyy Gury
SaKkayy9ayy
1

ACakuzz

1

ASaKazz

1

ACalnoz
CakSMGnzz
Calpuzy9uzy
saK'Az-y gAz-y
1

A Calnoy

1

ACaknww

1

ASalaww

%Ca Kuow

Section 2.1
4c
9 — _”,52'3
W
. ﬁ!ggl v
m“'
- 82
Ay _msg:w

?_'g_ ’(Euw + G )C?y + (58 + Ens)s;zy]

wmw
1
ﬂc",‘fﬁ[l — 3&n — 26¢ +8¢3,%]
Sl Cyw — Cup + 85.,33,,]

S = - -
—E,L Caw — Cuyp + 8013%;/]
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Mapping between the D6 and D5 operators

HC [arXiv: 1306.6464]

HEL [arXiv: 1310.5150]

cl=— E bi(cak iSak 1 X
0 1lf( alussGuss T 18akassGasy ’75)¢f 0 Eq. (2.25) | Ref. [46] Section 2.1
f=t.b,t
4é,q%v
1 Ungg (-anllgggllgg 9 — _L."_
vV _ . - Miy
Ly = {Ca"'sm[_guzz ZuyZ" + guww WJ_W “] 1eua?e
2 ~ . __4cgg,v
Gnag SaKagg9agae m3,
I pv AHv : Sgcysly
N 4 CaRuyyGryy A#UA + SaKayyGayy A#VA ] Jrery CalumOury | G~ Tqp
1 B uv ~[lV gh'n SQKA-'-'gAWW
— 5 |Caknzy9Hz~y Zyuw A% + sakazyGazy ZuvA ] (1) 1
2 Ghzz ACaluzz LMW
1 - ~ | ,:_‘ __ - -
a a,pv a a,pnv ~ 1 ) == MR -
- Z CaRrge9naqg G[lVG HY + SaRage9Aqq G;u/G . ] Ghzz ASakazz E%,_':’]F _CHRSW = 4GSy T CwCHW]
e 2 ) [ /= _ ‘ - - 2
1 pv 7 Zﬂu gl(u): ACalnoz ;.::ﬁ -((-'nw + Cw )C;zg + (s + ‘-'na)sfv]
vl + SaKazz Luv
e a (3) myy 1~ 9 - Sy
N— Ohzz CaRkSMGrnzz 93‘13—[1 = 5CH — 2¢r + 8¢, é—]
N + Wk + Wk 1 [ _ _
2 A [Ca"iu ww W[JVW + SQKA\V“’ W’JVLV ] gl(ml Co"’l!ngHZw L_"% Cuyw — Cup -+ 8(‘_.'8?‘,.]
1 S : g 2 +8532]
L el 2,00 o e+ 508
{ M I - _ . _
~ Iwo approaches equivalent as they [ e -a+al]

+ (Kuow

can be mapped into
V‘w = 0“VV o 6VV# (V — AaZaWIT;EEVﬁV = —C#VPaVﬁb -

a a a abe ~b e - (2)-
G, = 8,G% — 8,G% + g, [ GG,
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Mass and angular distributions -- spin0

22— 77T L A S

[ pp = X(0") > 41 atthe LHCS | oF PP X(0) >4l arthe LHCS
3 0%: Kgy=1 i - :
- 07 Kepaz= - e :
: -------- O KAE: : 04__ —_
3 B 02 .
% % 00 07 L L I

m1,z (GeV) cose*

AN AL N L R BN RN R (R R B3
pp — X(0%) — 41 at the LHCS

pp — X(0%) = 41 at the LHCS

lllllll
lllllll

S -
e e r -

0.1

{./bin/mg5 aMC i
t>import model HC — g

lllllllllll

{>generate p p > x0, m
! >launch 3
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Effective Lagrangian -- spinl|

® The most general interactions at the lowest canonical
dimension:

£ = Y brwulrpar - wpbpys)ds Xt
f=q.t

W . — 7— 7 . 7 — v
Ly =ikw,gwwz (I""r;:/ W — mi s ) X1 + ikw, gwwz "’V: W, X7

— kw, WIW, (" XY + 9" XT)
1 ik w, % : " /vu_ X {,u/ — Kwy Epvpo [H 7+H ( 9PW — l/) . ( OPW +H )LV— 1/] X ij

L7 = —ky Zu TP XY — b, X1(0" Z,) 2y — Koz €ppo X1 2V (8P Z2°)
® Parity conservation implies that

} fOI" XI_ Ky

} fOI" X| + Ki, = Kvy = Rvy = Ryy = 0
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Mass and angular distributions -- spinl|
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Effective Lagrangian -- spin2

® via the energy-momentum tensor of the SM fields,

starting from DJ5:
1

f_ 0 X5"
EQ o —X T#VX
f=qt
7 1
V i V
Ly = A Z -yt T#"Xu
V=Z,Wy.g

p The E-M tensor for QED:

I y f 1 T . /
Ty == G [“"f (17" Dy —my)dy — §ap('1#’f'l’7"p'¢’f)]

1. , | 1
+ [§u',rfz“,ﬁD,,wf - —(9 (Vi dr) + (1 & 1/) :

TY, = — g,“,[ AP"APG + 0P AgA, + - (aPA )2

pv

— APA,,+8,0°PA,A, +8,0° APAM
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Mass and angular distributions -- spin2
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Kentarou Mawatari (Vrije U. Brussel) 28 /20 July 21,2014 SUSY2014@Manchester



Vi
U
Bi

Kentarou Ma

0.8
0.6

0.4

T KX&&.S.\FI

0_2'_ —_— Kxggmzl,cazl
I— xxggmﬂ,ca:o

[ =====a Kx&m-—l,cazllﬁ

J

FR/MG5 HC model
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aMC@NLO vs. ME+PS
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Good agreement between
the ME+PS and aMC@NLO
predictions for most
observables.

For spin0, the production and
decay factorize, for spin | and
2 this does not happen and
the full 2->4,5 matrix
elements need to be used.
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Higher order effects in QCD ()

inclusive production in pp = X(J%)
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Higher order effects in QCD ()

inclusive production in pp = X(J%)

100

| 1 1 1 | 1 1 1 | 1 1 1 | 1 1 = 0-025 1 1 1 1 1 | 1 1 1 1 1 | 1 1 1 1 | | 1 1 1 1 1 |
[ [ [ 3 - | | | | |
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0.005 -
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The matched sample is harder than .
aMC@NLO at large pT due to the The different shapes are due
extra 2 ME patrons in the matched to the different initial state.
sample.
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Higher order effects in QCD ()

inclusive production in pp = X(J%)
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" pp~ X(¥) in aMC@®NLO do/dp,/0,, at the LHCB
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The matched sample is harder than .
aMC@NLO at large pT due to the The different shapes are due

extra 2 ME patrons in the matched to the different initial state.

sample. excellent agreement between
ME+PS and aMC@NLO
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X Brussel . /bln/mgS_aMC

§>import model HC NLO

§>generate p p > x0 j j QCD=0[QCD]

Mijj distributions { 75005 |

Scenario HC parameter choice - pp—Xij (VBF) at the LHC8, NLO+PS o* (&M :
-1 o . il
0t (SM) Ky =1 (Cqg =1) 10 - +0 (HD) — 3
0* (HDder) —— 1
0% (HD) Kuzz.uww = 1 (Ca = 1) i 0" (SM+HD) :
0+(HDdel’) KHZ!Z.HQW - l (C(l == l) 10'2 = 0. (HD) -
. : 0* (HD) ]
07 (SM+HD) Ksu.uzz.uww = 1 (Ca =1, A=)
07 (HD) Kazz.aww = 1 (Cq = 0)
-3
0*(HD) Kuzzazz.awwaww = 1 (ca = 1/4/2) 10 3
Scenario oLo (fb) ONLO (tb) K 10‘4 alMIC?NL(I)‘HI-IEIRIWKI-;sI TR SR SN SR NN TR TR TR TR M SR SN | I T S B
— — {2 ENLO+PS/NLO i
0% (SM) 1509(1) "3 1633(2) ' o 1.08 R =ar. L )
0% (HD) 69.66(6) *7 % 67.08(13)*22% 096 087 -
o e 06 o . . | ! | ! =
0+ (HDder) 721.9(6) Fo 5 " 684.9(1.5) 33 % 095 1o [ :
0T(SM+HD)  3065(2) F3¢ % 3144(5) T % 1.03 = == E
1 e 08 [ ]
0~ (HD) 57.104) ¥17 % 55.24(11) 121 % 0.97 Y T T e = e [P o
0% (HD) 63.46(5) 5% 610713)*23% 096 0 500 1000 1500 2000 2500 3000

m(j1.Jo) (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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pT distributions

:pp—>Xoij (VBF) at the LHC8, NLO+PS 0* (sM) — 1
N 4= S
10" 0° (HDder) ——
1072 |
107 |
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SN S S . - 10-4|lll.Ll NP PR
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® The unitarity violating behavior of the HD
interactions, especially HDder, clearly manifests itself.
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acceptance cuts only ==
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0.06 - o —
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mjj>500GeV -

0.1

0.08

mjj cuts

[ PP+ (VBF) at the LHC8, NLO+PS

o ) —
Vo) —
O POt —
0" (SMAHD)

7 00)

lanGy, i)l
pp-+Xgj (VBF) at tho LHC8, NLOPS oy —
[ M, &)>500 Gev v —
b U PO ———

i 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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